EXISTENCE OF SPIRAL STRATEGIES FOR BLOCKING FIRE SPREADING

STEFANO BIANCHINI AND MARTINA ZIZZA

ABSTRACT. In this paper we address the problem for blocking fire by constructing a wall { whose shape is spiral-like.
This is supposed to be the best strategy when a single firefighter is constructing the wall with a finite construction
speed o: the barriers which satisfy this bound on the construction speed are called admissible.

We prove a sharp version of Bressan’s Fire Conjecture [Bre] in this case, i.e. when admissible barriers are spiral-
like curves: namely, there exists a spiral-like barrier confining the fire in a bounded region of R? if and only if the
speed of construction of the barrier o is strictly larger than a critical speed 6 = 2.614....

The existence of confining spiral barriers for o > ¢ is already known [Bre08, Kle19], while we concentrate on the
negative side, i.e. if 0 < & no admissible spiral blocks the fire.

The proof of these results relies on:

(1) the precise definition of spiral barrier and its representation;
(2) the analysis of saturated spiral barriers as a Retarded Differential Equation (RDE) in the spirit of [Kle19];
(3) the equivalent reformulation of the conjecture as a minimum problem of a functional for a prescribed func-
tional;
(4) the construction of the optimal closing spiral;
(5) the analysis of a differentiable path of admissible spirals along which the functional is differentiable, and in
particular increasing when moving from the optimal spiral to any other one (homotopy argument).
Due to the complexity of the solution, the evaluation of the quantities needed to prove that the functional is increas-
ing is performed numerically.
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1. INTRODUCTION

We study a dynamic blocking problem first proposed by A. Bressan in [Bre07]. The problem is concerned
with the model of wild fire spreading in a region of the plane R?> and the possibility to block it by constructing
barriers, i.e. rectifiable curves which cannot be crossed by the fire. The local fire spreading is described by
giving a set valued function

F:R? — {K < R* compact, closed}.
such that

(1) there exists r > 0 such that B,(0) c F(x) VxeR?;

(2) x — F(x) is Lipschitz-continuous in the Hausdorff topology.
This function represents the infinitesimal fire evolution when barriers are not present, i.e. x+ d¢F(x) are the
points reached by the fire in the infinitesimal time §¢. In other words, if barriers are not present, the reachable
set R(t) is the solution to the differential inclusion

R(1) = {x(t), x(-) abs. cont., x(0) € Ry, X() € F(x(1)) for a.e. 7 € [0, 1] }

where the set Ry c R? is the open region burnt by the fire at the initial time ¢ = 0.

When the fire starts spreading, a fireman can construct some barriers, modeled by a one-dimensional rec-
tifiable set { c R?, in order to block the fire. More in detail, we consider a continuous function v : R> — R*
together with a positive constant 1 > 0 such that y > 1. If we denote by {(f) c R? the portion of the barrier
constructed within the time ¢ = 0, we say that { is an admissible barrier (or admissible strategy) if

(1) HDE() € (), Vi1 < t;
() (H2) [;,wd A <t, V=0,

where 7! denotes the one-dimensional Hausdorff measure. Once we have an admissible strategy ¢, then we
define the reachable set for { at time ¢ the set

R((t) = {x(t) : x abs. cont., x(0) € Ry, X(7) € F(x(7)) fora.e. T € [0, t], x(7) €{(7) VT € [0, t]}.

Definition 1.1. Let r — {(t) be an admissible strategy. We say that it is a blocking strategy if
R, =UJR®
20

is a bounded set.
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We call isotropic the case in which the fire is assumed to propagate with unit speed in all directions, while
the barrier is constructed at a constant speed o > 0, namely

I 1
F=B(0), Ro=B(0), 1//5;, (1.1

where m denotes the closure of the unit ball of the plane centered at the origin. We remark that in [ |
there are comparison results between more general choices of the data Ry and F and the isotropic problem for
the study of the fire problem in a more general setting.

The existence of admissible blocking (or winning) strategies for the isotropic blocking problem is a very
challenging open problem and it has been addressed mainly in [ 1LI ].! This is one of the main mo-
tivations for which the problem has been studied in the isotropic case. In particular, the following theorems
hold:

Theorem 1.2. Assume that (1.1) hold. Then if o > 2 there exists an admissible blocking strategy.
Theorem 1.3. Assume that (1.1) hold. Then ifo < 1 no admissible blocking strategy exists.

The two theorems are proved in [ ] and they motivate the following Fire Conjecture [Bre]:
Conjecture 1.4. Let (1.1) hold. Then if o <2 no admissible blocking strategy exists.

For a survey of results related to the previous conjecture, see [ l.

Equivalent formulation. Throughout the paper we will use the following equivalent formulation of the
dynamic blocking problem for the isotropic case (for a proof of the equivalence, see [ ]): let ZcR? be a
rectifiable set. We denote by

RZ(1) = {x(1): x abs. cont., %(1) € B1(0) for a.e. T€ [0, 1], x() ¢ Z Y7 € [0,1]}. (1.2)
We say that the strategy Z is admissibleif Vit = 0
ANZNRZ (1) <ot.
Similarly to the previous formulation we denote by

RZ = JR* (0 (1.3)

=0
the burned region and we say that Z is an admissible blocking strategy if RZ is bounded. The advantage of
this description is that the barrier is fixed and it does not grow while the time evolves. Here we can interpret

Z N RZ(t) as the amount of barrier Z burned by the fire within the time ¢.

Minimum time function and Hamilton-Jacobi formulation. The propagation of fire can be described also
in terms of the minimum time function

u(x) =inf{r>0: xe RZ(1)}. (1.9

The function u is the time needed for the fire to reach the point x in the burned region, without crossing the
barrier. The minimum time function can be computed by solving an Hamilton-Jacobi equation with obstacles,
namely

\Y <1 Z,
IVu(x)l x¢ 15
u(x)=0 X € Ry.

For the properties of the solution of (1.5) we refer to | ]. We conjecture that |Vu(x)| = 1 for every x ¢ Z asin

the classic case of Eikonal equation without obstacles. Given the minimum time function «, and an admissible
barrier Z, one defines the following Admissibility Functional

1 [
oA (x) = ux) - = (ZNR%(u(x))) =0, VxeZ.
o
The inequality follows by the admissibility of the barrier Z. In particular, one defines the saturated set as

F={xeZ: o (x)=0},

10ne can prove that the existence of blocking strategy does not depend on the starting set Ry but only on the speed o [ 1, see
Proposition 2.2.
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corresponding to those points on the barrier where the firefighters are using all the barrier available in order to
block the fire.

One can easily prove that if the strategy Z consists of a simple closed curve, then it is not admissible for o < 2
[ ] (the key idea is taking the last point P on the curve reached by the fire and observing that </ (P) < 0),
but there are only partial results in the literature if the strategy has more complicated structures, as for example
the presence of internal barriers that slow down the fire.

Optimization problem. A possible approach to attack Bressan’s Fire Conjecture (1.4) would be to look at op-
timal strategies for a given minimization problem and prove that they can not be admissible blocking strategies,
reducing the analysis to concrete cases. In this spirit, one can give an optimization problem among blocking
barriers as follows: one introduces the following cost functional

J(Z) :/ K1dL? +/ kod Y, (1.6)
RZ z
among all possible admissible blocking strategies, where 1,k : R?> — R* are two non-negative continuous
functions. In [ ] it is proved that, if the class of admissible blocking strategies is non-empty, then there
exists an optimal strategy. Moreover, there exists an optimal strategy Z* which is complete:

Definition 1.5. Let Z c R? be a rectifiable set. Z is complete if it contains all its points of positive upper density,
that is, let x € R? such that

HNZNB
limsup(—r(x)) >0=x€eZ.
r—0+ 2r

The following corollary also holds [ 1:

Corollary 1.6. If there exists an admissible blocking strategy Z with 7' (Z) < oo, then there exists an optimal
blocking strategy Z* such that

7' =(Uz)ur,
i
where Z; are countably many compact rectifiable connected components and 7" (N) = 0.

We mention also the recent result in [ ] where it is proved that the optimal strategy is nowhere dense.
What really makes the optimization problem hard is that the class of admissible strategy could be empty (and
it is conjectured to be empty if o < 2, Conjecture 1.4).

Giving necessary conditions for optimality is a hard open problem. Some necessary optimality conditions
are derived in [ ] assuming further regularity on the optimal strategy. In [Bia] some necessary optimality
condition are given to characterize the boundary dRZ in the case Z is an optimal strategy (for the problem
x1 = 0, k2 = 1) without assuming any regularity assumption on the barrier. There, some properties of the
optimal barrier are derived, as the connectedness in the case the Z = Z2u Z! where Z? = RZ and Z! is a single
internal curve, and some concrete cases are analyzed. The major issue, however, remains deriving necessary
conditions for internal barriers.

1.1. Non admissibility of spiral-like strategies. In this paper we study spiral-like strategies: namely, admissi-
ble barriers that are constructed putting all the effort on a single curve. The study of spiral strategies is of key
importance in the complete solution of Bressan’s Fire conjecture, indeed it is conjectured that these strategies
are the "best" possible barriers that can be constructed when o < 2. The heuristic reason is that, if o < 2, then
we can not have two firefighters (constructing simultaneously two branches of the strategy) with speed strictly
greater than the speed of the fire, so that they will be engulfed by the fire: thus the best strategy should be
a single curve. The case o > 2 is different, indeed we expect that the optimal strategies in this case are sim-
ple closed curves. In [ ] the authors construct the best strategy for the optimization problem 1.6 among
simple closed curves.

We start giving the definition of spiral strategies.

Definition 1.7 (Spiral strategies). Let Z = {([0,S]) c R2 be a strategy, where ( is a Lipschitz curve parametrized
by arc-length. We say that it is a spiral strategy if it satisfies:

(1) £(0)=(1,0) and {Lg,s) is simple,

(2) s— uo((s) is increasing,

(3) (islocally conves, i.e. locally it is the graph of a convex function,
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(4) ( isrotating counterclockwise about 0. For a precise definition, see Section 2.3.
The spiral { is admissible if it is also an admissible barrier.

The assumptions that ¢ is locally convex yields a direction of rotation to the curve, and then Point (4) selects
a direction of rotation (Proposition 2.11).
A deeper discussion is needed for the assumption

s—uo(l(s) isincreasing,

which corresponds to the fact that either a portion of the barrier lies on the level set {u = t} (so that the previous
function is constant), or the fire can not burn two portions of the barrier simultaneously. Here we just observe
that, given the barrier up to time 7 (or equivalently length §), we can ask which is the optimal barrier for a
given optimization problem with the same freedom as for the initial problem. This final observation will be of
fundamental importance in our homotopy argument (Point (5) in the abstract).

The only results known on this family of barriers can be found in [ ] and [ ]. In the two papers it is
proved independently and with different techniques the following result:

Theorem 1.8. Leto > 2.6144.. (critical speed). Then there exists a spiral-like strategy which confines the fire.

The proof of this result is obtained by the study of a particular spiral, that we will call saturated spiral. Let Z
be an admissible spiral. We say that Z = Zg,, is a saturated spiral if

P (Zsar) = {t €10, T : S (Zgae N R%u (1)) = o't} = [0, T1.

In terms of the admissibility functional previously defined, every point P € Z on a saturated spiral is saturated,
thatis &/ (P) = 0.

Saturated spirals (or compact and connected subsets of saturated spirals) are thought to be building blocks
for optimal strategies. Indeed, it has been proved in [ ] that, if o > 2, the optimal strategy (that minimizes
the cost functional (1.6)) among simple closed curves is the union of an arc of circle and two branches of satu-
rated logarithmic spirals in polar coordinates. As we will see, there are intimate relations between logarithmic
spirals and saturated spirals. Also, in [Bia], itis proved that for o < 2, if a strategy Z is optimal (x; = 0,x2 = 1) and
its internal barrier is a segment, then the boundary 0RZ is the union of a segment and a branch of logarithmic
spiral.

The proof of Theorem 1.8 relies on the following fact: a saturated spiral Zs,; can be represented by means of
polar like coordinates (¢, rsat () € [0, +00) x R (see Theorem 2.13), and moreover rg,(¢) solves the following

Retarded Differential Equation (RDE)
d _ _ T'sat(¢p — 27 + a))
o I'sat(¢p) = cot(@) rsat () T sn@ 1.7

with initial data

_ Jecorad Ve [0,27), L8
rsat(d)) - (echota _ 1)ecota(¢—2n) V(,b € [27, 27 + a. (1.8)
The angle a € [0, Z) is given by
1
@ = arccos (—)
o
(this is precisely the approach followed by [ ). The angle «a is the constant angle made by the fire ray with

the spiral. Here the initial fire is the set Ry = B;(0) and the spiral starts in a point P = (1,0). Observe that for
¢ < 27 the solution is an arc of the logarithmic spiral in polar coordinates rga(¢p) = e°t%¢,

A study of the eigenvalues of the operator associated to the previous RDE gives the proof of Theorem 1.8:
thereis a critical value (0 = 2.6144..., solution of a trascendental equation) such thatif o > ¢ then all eigenvalues
of the associated linear operator are complex conjugate: in particular the solution oscillates, and thus there is
some first angle ¢ such that rs,(¢p) = 0. This corresponds exactly to the fact that Zg, blocks the fire.

However, in [ ] itis not proved that, instead, for o < ¢ the saturated spiral does not confine the fire, that
is 7sat () > 0 for every angle ¢: this fact can be deduced from [ 1, Theorem 3, which gives the estimate

minimal closing angle ~ (imaginary part of the largest eigenvalue) ..

Their result motivates the following conjecture for general spirals.

Conjecture 1.9. Ifo < & then no spiral-like strategy blocks the fire.
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r(o+ 27 + 5(e))

Figure 1. The angle-ray parametrization (¢, 7 (¢p)) of a spiral barrier: the optimal fire ray is
red, and the red curve is the level set of the minimum time function u. In blue, the
angle-ray coordinates.

We remark here that due to the constraints on the barrier, the critical speed & is larger than the speed o =2
for the original conjecture 1.4.

A partial answer to this conjecture has been given in [ ] where the authors use a geometric argument to
prove the following result:

Theorem 1.10. Ifo < #g then no spiral-like strategy is admissible.

This bound is obtained in the assumption that only some points on the spiral are admissible, while assuming
the admissibility of the whole barrier requires more effort.
The aim of this paper is to prove the previous conjecture:

Theorem 1.11. No admissible spiral-like strategy confines the fireifo < &.

We conclude this first part of the introduction by giving a very much simplified idea of our approach. We
will neglect some technical issue, which will be further addressed in the section below.

First, a spiral strategy admits a polar-like representation (¢, r(¢h)) € [0, +o0) x R* as in Fig. 1 (we will call this
representation the angle-ray coordinates):

o ris the length of the segment starting from one point of { and with direction { and ending in the next
round of ;

¢ () isthe rotation angle of r;

o f(¢) is the angle between ( and the direction of r(¢).

We can also think of 7 (¢) as the last part of the optimal ray needed to compute the minimum time function u
in the point {(¢), where we used ¢ instead of s.

The parameter B(¢) is our control parameter: once it is chosen, the RDE satisfied by r(¢) is

r(¢7)

d
%r(d)) = cot(ﬁ(¢))r(¢) - sin(B(¢p)) ’



SPIRAL STRATEGIES FOR BLOCKING FIRE 7

([0, 1))

b

;r _-U: Ou])

#(; ([0, dal))

(g C([0, ¢1])

Figure 2. The barrier {([0, ¢]) is fixed. Given any angle ¢ = ¢9, we construct a new spiral
Z (¢; Z ([0, o)) (blue). The family of continuations off (black spiral) is represented
in blue. The base spiral (green) is Z (¢h; Z(op).

where the angle ¢~ is given by (see Fig. 1)
G=¢ +21+ ().

Using this representation, and observing that r(¢) = 0 means that the spiral closes into itself and thus blocks
the fire, we replace the closure problem with the following minimum problem:

Optimization Problem: given a rotation angle ¢, choose ¢ — f(¢) in order to minimize r(¢). (1.9

Differently from the original problem (where we have to show that the set of admissible strategies is empty), we
prove that the one above has an optimal solution.

We observe that while the RDE for r is linear, the choice of the control parameter affects the RDE by changing
the coefficients at the next round and also by varying the delay interval 27+ (¢p™): hence it seems quite difficult
to find a positive lower bound for the optimization problem (1.9), or even more to prove that a choice of the
control B(¢) is optimal. Notice also that § depends on the angle ¢, i.e. the optimal spiral is not the same for all
angles (and in particular we will prove it is not the saturated spiral).

In order to overcome these difficulties, we use a homotopy approach as follows. We will refer to Figure 2.

Let { (¢p) be a given spiral strategy, parametrized by the rotation angle: for every ¢, we construct a new spiral
Z (</);Z ([0, ¢po])) with the following properties:

(1 5((!7;(([_0,(/)0])) ={(¢) forall ¢ € [0, po];
(2) if #(¢;C([0,¢0])) is the representation of the spiral in the angle-ray coordinates, the final value ¢ —
f(gB; Z([o, ¢o))) is differentiable and has positive derivative;

(3) the spiral {(¢) = {(¢;{({0})) is such that F(¢) > 0.
Since the spiral Z is fixed during the homotopy argument, we shorten the notation to 7 (-, ¢po) or also 7(:; sp) when
using the length parametrization for (.

The existence of such a family for every spiral { gives thus the expanded version of the main Theorem 1.11

(which now becomes a corollary):

Theorem 1.12. For each spiral strategy { and rotation angle @, the spiral (; o) is the optimal solution to the
minimization problem (1.9) given the initial spiral arc {([0,¢o]). In particular, {(¢p;0) is optimal among all
spirals.
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Given the optimality of Z (¢;0), we will refer to this spiral as Zopt = {opt ([0, J)] ;0). Point (3) and Point (2) above
implies that

_ _ o 4 _ _
F(¢p; s0) = F(¢h;0) +/ —F(p;po)dp = 7(¢h;0)
o do

but since this holds for every sg, the previous equation is also valid for the last parameter §, so that 7(¢) = F(¢; 0),
where we used (¢, 7(¢h)) as the angle-ray coordinated of the fixed spiral Z. In particular Theorem 1.11 holds.

We will also prove that the only case when the derivative di% 7(; sp) is 0 is by following exactly the spiral
7(:;¢o), so that the above chain of inequalities become strict as soon as we perturb the spiral Zypt. Hence we
have the following

Corollary 1.13. The optimal spiral strategy for the angle ¢ is Zop;, parametrized by 7 (¢;0) = F(¢).

We remark that by changing the angle ¢, the optimal spiral changes. Therefore we will often refer to the
optimal spiral at a fixed angle ¢. We also remark that the optimal spiral is not regular, but only Lipschitz at the
last round. This can be heuristically explained by observing that the last round is not having influence on the
next evolution (being the last one!), so that the regularizing effect of the RDE is not acting.

Being able to describe the optimal spiral, it is possible to give estimates, in particular one can prove the
asymptotic divergence of the optimal spiral:

Corollary 1.14. The spiral Z,p;, optimal at the angle ¢, satisfies
() = pe?,
where ¢ is the only positive eigenvalue of the RDE.

We are also able to give a precise value to the constant in front of ¢e°?, as we will point out in the extended
introduction below.

Summarizing, we build up a new differential tool to treat spiral-like strategies. The choice of the angle-ray
coordinates for a given spiral is one of the key ideas of this paper. In particular, in these coordinates the spiral
solves a retarded differential equation (RDE) which allows to set up a new optimization problem, admitting
a differential structure. Given any spiral Z, it is indeed possible to find a differential family of spirals and to
use an homotopy-type approach, in order to prove that any spiral-like strategy does not confine the fire for
0 <0 =2.6144.... Here, the main point is to guess what is the correct expression of the family of spirals, to prove
that it is differentiable and compute the derivative, and finally to show that this derivative is positive. This will
require the detailed study of Sections 6, 7, 8, 9, 10, together with the use of the Software Mathematica for the
evaluation of trascendental functions. Each single building-block is fundamental in the proof of Bressan Fire
Conjecture for spirals in its sharp form. We point out that the importance of this work is not only the proof
of the conjecture in the setting of spiral-like strategies, but the implementation of a framework that could be
applied in order to study more general situations, hopefully leading to the full solution of the conjecture.

We remind that all the notations are contained in the Glossary at the end of the paper.

1.2. Extended introduction and collection of all principal results. In this section we present an extended
introduction to the proof of Theorem 1.12, and all the steps required to construct the family 7(-; ¢pg). Many of
the results obtained along the proof are interesting on their own, and we will report their statement.

1.2.1. Section 2. This section introduces the basic objects considered in this paper: the most important ones
are the set of admissible curves I', Equation (2.1) (recall also (1.2)), the minimum time function u, Equation 2.2
(recall (1.4)), the admissibility functional </ (x), Equation 2.4, and the saturated set ., Equation (2.5). The limit
of a minimizing sequence of admissible curves in I" are the optimal rays, Definition 2.1. These Lipschitz curves
are not admissible in general, but are the ones needed to compute the value of the minimum time function
u(x).

The first result is in Section 2.2, where the existence of a closing barrier for every initial burning set Ry is
reduced to the study when Ry = {0} and the barrier is constructed outside the unit ball B; (0), Proposition 2.2.
The equivalence is not exact as stated in the proposition, but since for o < & we show that it is not possible to
block the fire even in this situation, we conclude that in our case the equivalence is complete.

Section 2.3 can be thought as a detailed description of the notion of spiral barrier of Definition 1.7: in partic-
ular Remark 2.5 explains the importance of the monotonicity of #({(s)). Some notation for convex barriers are
also introduced, like the left and right tangent vectors t™ (s), t" (s) , the local radius of curvature R(s) = R({(s)) =
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R((; s), the subdifferential 0~ (s) (Definition 2.7).
The most important result of this section is that for spiral barrier one can use the angle-ray representation as
considered below Theorem 1.11. This result is obtained in two steps. First, Proposition 2.11 constructs this rep-
resentation round-by-round, starting with the initial round about the origin (0,0) € R? (where it corresponds to
polar coordinates), and then recursively constructing the angle at the next round. The idea is that the direction
of r(¢) is determined by the previous round, and then the angle B(¢) is deduced by knowing the tangent t = {
at that point: a look at Fig. 14 is probably better than any explanation.
A version of Proposition 2.11 avoiding the explicit reference to rounds is Theorem 2.13. Together with the
function r(¢), we also introduce the functions s~ (¢), s*(¢p), which are the length parametrization of the start-
ing/ending point of the segment r(¢). Their regularity properties (s~ (¢p) BV, s* (¢) Lipschitz) are also proved.
We conclude this section by using the angle-ray representation to rewrite the convexity of { in terms of the
angle B(¢p), the admissibility functional «f = of (¢p) and the burning rate b(¢) of the barrier {, Proposition 2.15.
As awarning, because of Theorem 2.13 we can use indifferently the length s or the angle ¢ as parameter for
a spiral barrier: in the following we will often choose the most convenient one, without underlining it, in order
to simplify notation and shorten the analysis.

1.2.2. Section 3. The first part of the section is devoted to obtain the RDE satisfied by a spiral barrier: Lemma
3.1 offers some differential relations among the various quantities introduced in the angle-ray description of a
spiral. Equation (3.3) is the distributional RDE for the spiral barrier: it is nothing else than the relation

{variation of r} = {increase due to f§ at the end point} — {decrease due to curvature at the base point}.

Proposition 3.5 is the inverse statement: assume that r(¢), f(¢) satisfies the differential relations of Lemma 3.1,
then, up to fixing the initial point, there is a unique spiral barrier such that its angle-ray coordinates are the
given ones. The proof is based on the round decomposition.

In Section 3.1 we prove that the equation of the saturated spiral is (1.7) with initial data (1.8).

The next section contains the analysis of the linear RDE

() = cottayr(g) - 27— (1.10)
—r(¢p) =cot(a)r(p) - —— .
d¢ sin(a)
with a constant. This section contains many results which have already been proved in [ ]: we present

them for completeness. The main one is that there is a critical angle @ such that for a < & the characteristic
equation of the above RDE has two distinct positive real eigenvalues, for @ = @ the two eigenvalues coincide
and the geometric multiplicity is 1, for a > & all eigenvalues are complex conjugate, Corollary 3.10. This gives
in particular that for a > @ the saturated spiral confines the fire, Proposition 3.12.

Section 3.2.2 is concerned with the converse result for the saturated spiral. Observe that even if there are
positive real eigenvalues, if the initial data is 0 when projected on the corresponding eigenspace then the solu-
tion oscillates and thus the fire is blocked: thus the idea is to give a condition ensuring the exponential blow-up
of the solution and checking that the saturated spiral satisfies this condition.

The starting point is to rescale the variables
p(1) = r((2n + @)1)e CETTAT
with ¢ equal to the only real eigenvalue (see Corollary 1.14), and rewrite the RDE in the critical case as
pm)=p@)—pr-1D. (1.11)

We remark that in this parametrization the integer part of 7 represents the number of rounds of the spiral.
Lemma 3.14 gives a simple-to-check criterion to verify if the solution diverges:

Lemma 1.15 (Second part of Lemma 3.14). In the critical case o = &, if p(1) > p(r) > 0, 7 € [0,1), then the
solution p (1) diverges linearly.

Even if it seems trivial, it gives immediately that the saturated spiral is diverging:
Proposition 1.16 (Proposition 3.16). Let Zy,; be the saturated spiral. Then it does not confine the fire foro <.

The optimal solution 7(:; ¢¢) and its derivatives have a more complicated structure than the saturated spiral:
hence Section 3.2.3 introduces the Green kernel g(7) for the RDE (1.11) (Lemma 3.17), and there it is studied its
asymptotic behavior (Lemma 3.18). It is essentially standard analysis for a linear functional equation, and for
completeness we write also the explicit forms of the kernel G(¢) for the RDE of the saturated spiral (1.10).
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1 (o + 27 + BN (Po))

u = const

r(P)

Figure 3. The solution to the optimization problem at the last round. The gray region is the
region which cannot be reached by any admissible spiral.

Since it will be useful to study also the evolution of the length of a spiral barrier, this section ends with some
useful estimates for the primitives of G(¢) (Section 3.2.4).

1.2.3. Section 4. In this section we prove that the optimization problem (1.9) has a solution in the domain of
admissible spiral barriers with bounded length L, Theorem 4.6:

Theorem 1.17 (Theorem 4.6). Fix a rotation angle ¢ = ¢y. Then either there exists an admissible spiral in
As(Z,po) with L>> 1 blocking the fire before or at ¢ or there exists an admissible spiral { such that r(¢) is mini-
mal among all admissible spirals of length bounded by L.

Here </5(Z ,¢ho) is the set of admissible continuations (Definition 2.10), that is the set of admissible spirals
that coincide with a given spiral Z up to the rotation angle ¢b. Note that in the above statement we consider the
more general case where a first arc of r(¢h), ¢ < ¢, is fixed, and we are allowed to choose the remaining part.
This is perfectly in line with the statement of Theorem 1.12, where the optimality is proved given the initial arc
([0, do)).

A solution means that either there is an admissible spiral blocking the fire before the angle ¢, or there is a
minimizing one, and the length L is sufficiently large to guarantee that the set of admissible spirals arriving at
¢ with length shorter than L is not empty. The approach is the standard one: first one proves the compactness
of the set of admissible spirals, Proposition 4.4 and Corollary 4.5, and then passes to the limit to a minimizing
sequence, being the functional { — r(¢b) continuous. We just remark that as a corollary we have that the admis-
sibility functional is u.s.c. for the Hausdorff convergence, hence giving the closure of the family of admissible
spirals, and also observe that a key ingredient is the decomposition by rounds of Proposition 2.11.

The parameter L will not play any role in the future: indeed once we show that the spiral ¥ is optimal, we have
an estimate for all spirals. It is introduced just to ensure that the curves { live in a compact set of R?.

When studying the derivative dis() 7(+; s0) of 7(¢p; so) (see the discussion at the end of Section 1.2.1 for the equiv-
alence of ¢ and s), it is important to know the structure of the minimal time function u generated by ([0, so]).
Lemma 4.8 and Corollary 4.9 give explicit computations of the first and second derivatives of u: roughly speak-
ing, we are solving the Eikonal equation, because of the assumptions on the fire spreading speed F(x) = B (0),
and thus Vu is BV and the level sets of u are C1'!-curves.
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R

Figure 4. The three cases of Theorem 1.18: in the first picture all level set ¢ is admissible,
and then for every angle = ¢g the optimal solution is an arc of the level set; in the
second case all curve R is admissible, and then the optimal solutions for point on
Ris an arc of { and a segment; in the third case for large angles the minimal point
lies on a saturated spiral, and the optimal solution is an arc of ¢, a segment and an
arc of saturated spiral.

The first glimpse on the structure of the optimal solution 7 is given in Section 4.3: if we restrict the optimality
to just one round after ¢py, then 7 can be explicitly constructed without further analysis.
To describe the structure of such a solution, we refer to Fig. 3. Starting from the angle ¢y, the solution is
made by three components. In the following, we will mean by arc of the level set, or simply arc, a compact and
connected subset of {u~1(1)}.

(1) We follow the level set of the minimal time function u until the point {(¢,), which is saturated. At
this point it is not possible to proceed along this level set, because the spiral would not be admissible.
This arc (the magenta one between the points {(¢¢) and {(¢;) in the picture) is the optimal solution
for angles J) € [¢o, 1], since the monotonicity of s — u({(s)) gives that we cannot cross the level set of
u( (o). In the case {(¢o) is saturated, then this regions reduces to a point.

The optimal spiral barrier coincides here with the arc of the level set.

(2) If ¢ > ¢;, then we consider the spirals made by a portion of the magenta arc and a segment: the seg-
ment ends in the first point that is saturated. We show that such a construction defines a convex curve
(the blue one in Fig. 3) starting orthogonally to the level set of u and ending in a saturated point { (¢2)
such that the angle formed with the direction of the optimal ray is exactly @ (this argument in reality
holds for any o < &, but here we prove it for the critical case). Also in this case, if the initial point is
saturated, it holds ¢ = ¢y.

The optimal spiral barrier is an arc of the level set and a segment ending in the blue curve.

(3) For angles ¢ > ¢, one follows the saturated spiral starting from {(¢,) (green spiral in the picture). The
optimal spiral barrier is an arc of the level set, the segment arriving in {(¢.) and an arc of a saturated
spiral.

It is important to observe that the curve formed by the magenta arc up to ¢;, the blue convex curve and
the green saturated spiral is not a spiral barrier: indeed it is not convex. It gives the optimal solution for ¢ <
¢ <o +2m+ B (¢o), where B~ (o) = limg ¢, t(¢), i.e. the left tangent vector: for every angle ¢ there exists an
explicit spiral barrier ending in the corresponding point of the curve constructed above. The three situations
above are drawn in Fig. 4. The main result is then the following

Theorem 1.18. (Theorem 4.12) The curves constructed above are the unique solutions to the minimum problem
considered in Theorem 1.12 for ¢ € [¢pg, o + 27 + B~ (o).

A question which arises naturally is the following: if we continue the saturated spiral also for angles larger
that ¢ + 27 + B~ (¢po), is this spiral barrier optimal? The short answer is no, but the proof of this fact and the
construction of the correct optimal spiral require much more analysis and it is the central part of this work. Due
to its importance, we will refer to the spiral constructed by the procedure above and obtained by prolonging
the saturated spiral after the angle ¢po + 27 + 87 (¢bg) as the fastest saturated spiral.

1.2.4. Section 5. The construction above when ¢ = 0 is a particular spiral which is important for the next
analysis, since the optimal one will be obtained as a perturbation of this spiral: the study of its properties is
in Section 5. For the seek of generality, we consider the case where Ry = B,(0), and show explicitly the form
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Figure 5. Plot of the first 5 rounds of the function (1.12).

of the fastest saturated spiral: depending on the radius a, it is either a an arc + segment + saturated spiral (if

a € (0,sin(@))), a segment + saturated spiral (if a € [sin(@), 1)) or just the saturated spiral when a = 1. We will use

the denomination

Arc case: the fastest saturated spiral starts with a non-trivial arc of the level set, i.e. this arc is not just a point;

Segment case: The fastest saturated spiral starts with a segment, possibly made of just a point, i.e. the initial
point is saturated and the spiral coincides with the saturated one.

These various cases will be also encountered when considering as a starting point the spiral arc {([0, so]), so
that they are worth studying in this setting where the functions are explicit.
The study of the behavior of this spiral gives the following

Theorem 1.19 (Theorem 5.1). For any value of a € (0,1], the fastest saturated spiral S, with initial burning
region B,(0) does not confine the fire: more precisely, the spiral diverges exponentially as r(¢p) ~ ¢pe°?, being

¢ =1In( Szl’r’lzr;) ) the only real eigenvalue for the characteristic equation of the RDE for saturated spirals.

The proof is also interesting, because it is the prototype of the line of proof of many of the subsequent
statements. The explicit form of the spiral barrier in the angle-ray coordinates can be given explicitly using
the kernel G(¢p): in the segment case, where the explicit forms are simpler, the solution takes the form (see
Equation 5.3)

_sin(6,)

r() = ———G(¢p—Po(a)) — G —27m) —

sin(a@)

sin(@, —a -
ﬁd))cup— Po(@) - 21— a),
with

¢o=0.-a, 6,=arccos(a)+a.
By studying the derivative w.r.t. a (Step 2 of the proof of Theorem 5.1, pag. 58), one proves that r(¢) = r (¢, a) is
monotonically increasing w.r.t. a increases, and then that the worst case happens for a = sin(a&), which means
Oa= % Po = 7 —a. Then one plots numerically the rescaled function

—Cc2n+a)T

(1) =r(do+2u+a71)e
which is explicitly given by

sin(a@) 2n+a

A numerical plot of the function above is in Fig. 5: one observes that the function is positive, and its deriv-
ative can be numerically computed to be strictly positive for 7 € [4,5] (which corresponds to the fifth round of
the spiral). Then one can apply Lemma 1.15 to deduce that r(¢) is positive, and actually exponentially increas-
ing as ¢ — oco. The asymptotic behavior is a consequence of the asymptotic expansion of the kernel G(7) as
T — 00.

~é@n+a-1)

p(1) = g —e )—cot(a)e‘é(z”“”g(r— 1. (1.12)

gfr-
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The last result in this section is an estimate on the ratio between r(¢) and the length L(¢) of the spiral:
Proposition 1.20 (Proposition 5.3). It holds for ¢ > tan(a) + 5 — a
r(¢p) — 2.08L(¢p — 27 — @) = 0.67¢° ¢~ @N@ -7 +d)

Besides having an interest on its own, this estimate is fundamental to show that the optimal spiral 7(¢; ¢o)
may have an arc only for angles ¢ close to ¢y: this means that there is a regularizing effect in the evolution of
7, because it can be proved that one can choose the control parameter § in order to have an arbitrarily number
of arcs at arbitrarily large angles, see Remark 7.8. The constant 2.08 is almost optimal, see Remark 5.4.

1.2.5. Section 6. This section is the core of the paper: we construct a differentiable path from the fastest sat-
urated spiral of Section 5 (Section 1.2.4) to any admissible spiral. The construction is based on the results of
Theorem 1.18 which gives an explicit construction for the first round starting from { ([0, so]), and this construc-
tion is then extended to every angle by prolonging as a saturated spiral. We denote this barrier as 7(¢) = 7(¢; So)-

Aswe said the fastest saturated spiral 7 is not the optimal spiral after the first round starting in ¢b9, and indeed
the derivative w.r.t. 5o will be a function with some negative regions. There re however two main advantages in
studying this one-parameter family of spirals.

(1) There are only two main cases to be considered (for the optimal case we need to work on about 20
cases): we can start with a segment or with an arc+segment. It is actually possible to reduce the analysis
of the derivative 67 = g—; to a single case (the segment is the arc when the latter reduces to a single
point, Remark 6.12, yielding as a consequence that the family is actually C! in a suitable topology),
but since the segment case is much easier we prefer to keep it. In Fig. 6a the geometric situation to
compute the derivative § 7(¢; so) is represented.

(2) The optimal solution 7 will be a perturbation of the spiral 7: this perturbation will be added to the
solution computed in this section, and it will be shown that the analysis is fundamentally different
only in the first round, more precisely in the regions where the derivative 67 is negative. In the other
region a simple adaptation of the estimates obtained in this section is sufficient to prove the positivity

dr

of the derivative 67 = d
S0

The main results of this section are:
« Propositions 6.4 and 6.11, which compute the RDE satisfied be the derivative 6 7(¢): for example, in the
segment case this derivative satisfies

Proposition 1.21. (Proposition 6.4) For ¢ > ¢o + 0 — @, the derivative

F(¢p; S0 + O50) — F(¢p; So)
580

OF(¢h; 80) = 62}30
satisfies the RDE on R
d

¢

SF(p—2m—a)

OF(¢p; so) = cot(@)O7(¢h; so) — e

+ S(¢h; $0),

with source
1-—cos(0)

S(¢; sp) = cot(a) Sn@

po+0-a O¢py+27+6¢

cos(6) — cos(a)? ~cos(@—0)—cos(a) ,
D</)O+27I+9 + sin(a) ([)()+271+é’

sin(@)?
where )y is the Dirac-delta measure in 0, and D(’) its distributional derivative.

The angle 0 is the angle formed by the tangent to the spiral { and the initial segment of 7 at the angle
¢o. Note the similarity with the fastest saturated spiral studied in the previous section.
e Corollaries 6.5 and 6.13, which gives the explicit solution in terms of the kernel G;
« Propositions 6.7 and 6.15, where the positivity properties and asymptotic behavior of 67 is analyzed.
We present here the segment case, where we use the change of variable ¢ = ¢g + 0 — @ + (27 + @)1, 6
being the angle of the ray r(¢¢) and the initial segment starting at { (¢9): using the rescaled function

p(1) =67 (po +0 — @+ 2m + a)r)e @ rIT
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(a) Geometric structure of the spiral 7 and its perturba-
tion. (b) Numerical plot of the function p(r) for the first 3

rounds. Observe the negativity region for 7 € Nsegm.

Figure 6. The segment case of Section 1.2.5

Proposition 1.22. (Proposition 6.7) The function p(t) = p(7,0) is strictly positive outside the region

Noegm = {1- <7<1,0=0<0}u{o=0)uir=1,0¢2a 1} <Rx[0,7],

2n+a
where the angle 0 is determined by the unique solution to

1-cos(d p = N
COt(d)Wa()) _emot@ena _ o 4eo .
Moreover, as T — oo, the function p(t) diverges like

—CT
lim 20¢
T—00 T

=2(So+S1+S2+83), 2(So+S1+Ss+S3) € 02(0.08,028).

The arc case is more complicated, we refer the reader to Proposition 6.15. In Fig. 6b we plot numer-
ically the solution of Proposition 1.21 with 8 = .3 for the first 3 rounds. Observe that there is a negative
regiont € [1— z;;o;mv 1] in the first round, then the solution becomes positive. Note that the derivative is

not smooth, and this forces us to study numerically the first 5 rounds in order to apply Lemma 1.15.

The fact that there is a negative region at about the end of the first round for some angles § means in partic-
ular that the fastest saturated spiral is not optimal: indeed, at the angle ¢p— 27 — @ by moving the barrier ¢ along
the direction ¢ instead of following the spiral one obtains that r(¢) is decreasing (it has negative derivative by
Proposition 1.22. However, since this negative region is for a relatively short interval of angles, the correction to
the fastest saturated spiral 7 will be localized only at the last round. Thus we have another argument to affirm
that the fastest saturated spiral is in some sense the building block for the optimal spiral 7.

For the proof of the above propositions, the approach is similar to the one used for Theorem 1.19: the only
difference is that since the structure of the derivative is more complicate, we split the first rounds into pieces
in order to avoid discontinuities. After 3 rounds the regularizing effect of the RDE has smoothen the solution,
so that we can prove the monotonicity of the solution. Numerically, we plot the function

67 (¢h)
00 +Ap)’
and observe the uniform positivity or monotonicity. As observed before, we require the computer only compu-
tations on explicit functions (polynomials, exponential, trigonometric functions and their combinations), we

never ask to solve a differential equation. We have used the Software Mathematica for the explicit evaluation of
functions.

A¢ being the opening of the initial arc and 6 as above,
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The fact that the negativity region is limited to the first round gives that we can extend the length estimate
of Proposition 1.20 to a general spiral:

Proposition 1.23. (Corollary 6.18) Consider the spiral 7(¢; ¢o): if

Po+0+2m segment case,
¢=
¢Po+APp+3 +2m  arccase,

then

F(p) —2.08L(¢p— 21 — @) = r(¢h) — 2.08L(p — 271 — @) > 0.67eS @~ (@-3+@)
This is a regularity result: after one round the spirals 7 starts to be similar to the fastest saturated spiral of
the previous section. It will be used to simplify the expression of the optimal spiral 7(; so).

1.2.6. Section 7. In this section we construct the optimal solution candidate 7(:; so), when the spiral {([0, so]) is
fixed. We recall that we are given an angle ¢ and we ask if, by changing the spiral at an angle ¢, corresponding
to the point {(sp), the ray r(¢) becomes smaller (see the optimization problem (1.9)). In order to avoid addi-
tional technicalities, we explain here the construction in the simple case ([0, sp]) is the saturated spiral, i.e.
o (((¢)) = 0 and B(¢p) = @ for every ¢ € [0,¢g] (see Figure 7). By the computations of the previous section, in
the case of the family of fastest saturated spirals, we proved that there is a negativity region for the derivative
67(-; s0). We also proved that this region is included in the first round (see Proposition 1.22 and Figure 6).

Observe that

o If oo + 27 + @ < ¢, corresponding to the parameter 7 > 1 of the previous parametrization, then we are
outside the negativity region Nsegm and Proposition 1.22 yields that any perturbation to { at ¢ has a
positive derivative, and then the ray r increases.

o If ¢pg + 27 + @ = ¢, corresponding to the case of Figure 7, then we are entering the negativity region:
indeed 7 =1 is the boundary of Ngegm for 6 = 0: this last condition on the angle 0 means that at the
angle ¢ the perturbation is tangent to the saturated spiral. Therefore, if we continue our spiral along
the segment tangent to the saturated spiral at Py, it follows from the computations of Section 6 that 6 is
increasing (0 is the angle made by the perturbation and the segment), and then it is convenient to con-
struct this segment up to the point P; where 6 = @ (the angle constructed in Proposition 1.22), i.e. we
are exiting the negativity region. In order to minimize the quantity r(¢) according to the optimization
problem, we need to prolong the barrier precisely along the angle ¢. The length of barrier we construct
along the direction ¢ is prescribed by the negativity region we found from the former computations.

From this point onward we can apply Theorem 1.18 to prescribe the remaining part of the last round:
it is the fastest saturated spiral starting from the point P; such that the segment originating in P; form
the critical angle § with the direction ¢.

The first main result of this section is the definition of the optimal closing spiral 7(¢; sp) given the spiral arc
([0, so]) and the final angle J) This is the done in the first part of Section 7.1, which contains also the proof that
such a definition yields a unique spiral 7(-; so) (Proposition 7.1):

Proposition 1.24. (Proposition 7.1) Given sy = s(p) = 0 and an angle ¢ = ¢q, there exists a unique optimal
spiral candidate 7 (¢; o).

Such a statement is not elementary, indeed one has to rule out the possibility that when P; moves along
the direction ¢ it may enter again the negativity region. In the segment case this is easy, but in the arc case
(i.e. when in the point P; the fastest saturated spiral starts with an arc) it is not, due to the more complicated
structure of the negativity region Ny, for the arc perturbation.

The most common geometric situation for the perturbation is as in Fig. 7: the last round starts with a seg-
ment in the direction ¢ followed by the fastest saturated spiral starting again with a segment. We say it is the
most common because the other case (i.e. the fastest saturated spiral starts with an arc in P;) requires that the
point Py is close to the last point of the given spiral arc {(sp): roughly speaking, this is a regularity property of
the fastest saturated spiral 7(:; sp), i.e. after less than 1 round after sy the spiral is already close to the saturated
spiral.

We call tent these two consecutive segments configuration. In Section 7.2 we study the equations describing
a spiral with a tent, obtaining the formulas which allow to compute how much the final tent in 7(-; s¢) is going
to perturb the fastest saturated spiral 7(-; o) in the last round. Lemma 7.4 explicitly computes these formulas,
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Py ={(s0)

Figure 7. The construction of the optimal solution for the saturated spiral.

and being linear relations the same formulas hold for the perturbation (Corollary 7.5).

Next, with these relations, we can check which conditions are required in order not to be the admissible so-
lution: in other words, when the tent is not an admissible spiral, which in this particular case means that
s+— u({(s)) is not monotone (and then we are forced to follow an arc of the level set of u). It turns out that,
if the the initial point Py of the tent is saturated, a necessary condition is that the length of the spiral at the
previous round is much larger than the estimate of Proposition 1.23 (Lemma 7.6). One thus concludes that if
Py is saturated, then the optimal spiral has a tent:

Proposition 1.25. (Proposition 7.7) The tent is admissible (and then is the optimal candidate) in the saturated
part of 7(:; o).

We remark that in the non saturated part of 7(-; s9), i.e. when ¢ is close to ¢y, the tent is in general not the
admissible spiral solution, see the example of Remark 7.8.

The last result of this section is a formula based on a simple observation, Lemma 7.9, which allows to prove
that the derivative 6 ¥ (¢; so) = disO ¥(¢; so) is positive if 57 (¢p; s9) = disO F(¢h; So) is. This formula can be applied only
after 2 rounds, so that in the following we have to address what happens in these initial part of # when ¢ is close
to ¢bg. One can rightly suspect that the non smoothness of 7 is the problem.

The last three sections address the homotopy argument starting from the optimal solution candidate and
proving that the derivative 67 (¢; sp) is increasing.

1.2.7. Section 8. This section is devoted to the construction of the optimal solution candidate for any given
¢. The analysis carried out in this section corresponds to the one performed in Section 1.2.4 where it was
proposed as a solution the fastest saturated spiral S,; (Theorem 1.19), which is the base element of the family
7(¢; sp) for so = 0, or (r(¢h), ) in angle-ray coordinates. We recall that the analysis of the positivity of 67 (¢; so)
was the content of Section 6. In Figure 8 a summary of the results and the corresponding sections where the
analysis is carried out. The solution rqp¢(¢p) will depend on the angle ¢, therefore the analysis on the structure
of ropt(¢p) will be more articulated than the fastest saturated spiral of Section 1.2.4. We refer to Fig. 9 for the
description of the solution rgpt.

e The first situation is the (/_b is the first round, more precisely (/3 €[0,2m+ % — h;], where the constant h; is
computed explicitly by the results of Section 6: it is 8 coordinates of the unique point on the border of
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Perturbation of Z with a family

(Section 6)
segment

saturated spiral

b — 1)

Fastest Saturated Spiral (Section 5)

Topt [5:7)

N
.
0 ™ tent

N

@ — Topt(02)

Optimal spiral (Section &)

Here the structure of the optimal spiral

depends on the choice of ¢, (cases of Figure 7)

Figure 8. In this figure, we explain the general idea of our proof and in which section the
results are contained.

the negativity region Ny for A¢ = tan(a). In this case the optimal solution coincides with the fastest
saturated spiral of Section 1.2.4: see Fig. 9a.

o After the angle 27 + 7 — hy, the derivative 67 (¢;0) is negative: hence the optimal solution has a initial
segment of length £ in the direction ¢, then it is the fastest saturated solution starting with an arc of
the level set, Fig. 9b.

e For ¢ € 2+ % + (0, h], the optimal solution candidate starts with an arc of the level set dB; (0), then a
segment in the direction ¢ and next the last round is the fastest saturated spiral, Fig. 9c. The value h; is
computed explicitly in Section 8.3, and corresponds to the transition from the arc case to the segment
case for the fastest saturated spiral of the last round, Fig. 9d.

« Finally, for 7 > 27 + tan(@) + 7, the solution is the fastest saturated spiral up to the angle ¢-2n—a,
followed by the tent case as described in Section 1.2.6, see Fig. 10.

The main result of this section is that this construction yields a unique spiral barrier which is positive:

Proposition 1.26 (Propositions 8.3 and 8.4). The optimal solution rop is positive for all ¢ and for large angles
can be estimated as
Topt () = 0.976359r () + O (1)

where r () is the fastest saturated spiral

A remark is natural here: the gain of optimality is about 2.25% w.r.t. the fastest saturated spiral, so one may
suspect that there are some simpler proofs of this result. Besides the fact that knowing the optimal solution is
not a trivial fact, the difficulty in obtaining estimates is due to the RDE satisfied by r(¢), which makes compar-
isons difficult. One the other hand this method can be a powerful tool, since it can be applied also for speeds
which are not the critical one, and also to other geometric situations.

1.2.8. Sections 9 and 10. At this point, having proved that for any given spiral barrier ¢ then one can con-
struct the one parameter family of spirals 7(-; so) starting from r,pt and ending in {, we are left to prove that
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A¢ =tan(a)

Topt ((l;)

Topt ((l—))

(a) The optimal solution for ¢ € 0,27 + § — hy]. (b) The optimal solution for ¢ € 27 + % + [~ hy,0].

(c) The optimal solution for ¢ € 277 + 5 + [0, ho]. (d) The optimal solution for ¢ € 271 +  + [ho, tan(a@)].

Figure 9. The optimal solution depending on the final angle ¢ for the first round.

so — F(; sp) is increasing for all ¢, thus effectively removing the negative regions of Proposition 1.22 (and
Proposition 6.15 in the arc case) because of the additional perturbation to 7(-; s9). Since the structure of 7(:; sp)
is more complicated, we have to consider several geometric situations, depending on the relative distance of ¢
from ¢ and the structure of 7(-; so).

There are 4 main cases, each one with several subcases:

(1) 7(-; s0) starts with a segment and its perturbation 7(-; sp) has an additional tent, Fig. 11a: we call it the
segment-segment case;

(2) 7(-;so) starts with a segment and its perturbation 7(:; so) end with an arc, Fig. 11b: we call it the segment-
arc case;

(3) F(-;s0) starts with an arc and its perturbation 7(:; sp) has an additional tent, Fig. 11c: we call it the arc-
segment case;

(4) 7(-; s0) starts with an arc and its perturbation 7(-; sp) ends with an arc, Fig. 11d: we call it the arc-arc
case.
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Figure 10. The optimal candidate rop(¢) for ¢ = 27 + tan(a) + 5.

The almost 20 subscases are due to the relative position of the final segment-arc and the initial segment-
arc: referring for example to Fig. 11a, the tent may start inside the cone of opening 0, instead that afterwards
as depicted. Since this region is exactly when 7 is discontinuous (it has also a Dirac-delta!), we did not find a
general way of reducing these cases to a general situation, and we analyzed them one by one.

It is important to notice that, because of Proposition 1.25, the segment-segment or arc-segment case are
the only possibilities after some small initial angle of rotation, and this fact greatly simplifies the analysis: for
example, we do not need to study the arc-arc case for large angles.

The main results are a series of lemmata, which state that the derivative § f((/_); So) is positive: we collect their
statements into the following:

Proposition 1.27. For a.e. every choice of 0 < ¢y < ¢ it holds 57(¢; o) = 0, with the equality only if { (po+) is
tangent to the optimal spiral { (¢po+; o).

This gives the proof of Theorem 1.12, and concludes the paper.

1.2.9. Appendix A. The Mathematica numerical code is collected in Appendix A.

2. NOTATION AND DEFINITION OF ADMISSIBLE SPIRALS

In this section we give the definition of admissible spiral barriers (Definition 2.10), and we construct the
angle-ray representation (Theorem 2.13). Other preliminary results are the justification of the simplified setting
Qo = {(0,0)} and that the barrier lies outside B; (0) (Proposition 2.2) and the round-to-round decomposition of
spirals of Proposition 2.11.

2.1. Notation. We will use the following notations:
o the field of real/complex numbers are denoted by R,C respectively, the imaginary unit is ;
e if RcR? and r € R, we write
rR={rx,x€R}.
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a) Segment-segment case. b) Segment-arc case.
g g g

(c) Arc-segment case. (d) Arc-arc case..

Figure 11. The 4 main geometric situations for the optimal solution 7.

The unit circle in R? is denoted by S'.

o We will often make use of the identification of R? with C for shortening notation: R(z), S(z) are the
real, imaginary part of the complex number z € C; we will also use e'? € C to denote the unit vector
(cos(¢h),sin(¢)) € S;

e Zisan admissible strategy (i.e. a rectifiable subset of the plane R? with finite length);

o R?(t) is the burned region at time ¢ by the fire constrained by the barrier Z, see Equation (1.3);

¢ Ry = R%(0) is an open set such that its boundary has empty interior: during the analysis we will assume
that Ry = B,(0), r € (0,1) (the starting set), and we will let r \, 0 to make the results independent on r,
i.e. R(0) = {0} (see Proposition 2.2);

» 0 is the construction speed of the barrier; we will indicate as ¢ the critical speed 2.6144.. and the cor-
responding critical angle @ = arccos (%) (see Corollary 3.10);

o the set I of admissible curves (admissible trajectories of the fire) is given by

r'={yeLip(10,1,R%,y(0,)n Z = o }; @.1)
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« the distance of two points is
d(x,y) =inf{L),y €T,y = x,y(1) =},

where we indicated by L(y) the length of the curve;

« if vis any vector in the plane, v! is its counterclockwise rotation of % such that {v, v} is oriented as the
canonical base;

« given two vectors v,w of the plane, Z(v,w) will indicate the angle between the two vectors and v-w their
scalar product, v A w their vector product;

o the scalar product of real matrices is

A:B=) ajjbjj,
ij
the tensor product of two vectorsis vev'.

¢ /s denotes the admissible spirals, see Definition 2.10;

o if Z is a simple rectifiable Llpschltz curve and P € Z, i.e. P = ((s) for some s € [0,00), we will often use
the notation {(P), ((P) ((P) t(P), t*(P) for the corresponding {(s), ((s) ((s), t(s), t¥(s), where the latest
are the (left/right) tangent vectors to {;

o given P,Q € R?, we write

(B ={1-0P+¢Q,¢<(0,1)}
to be the open segment with endpoints P, Q, while [P, Q] will denote the closed one. We will also use the
notation [P Q) = [P, Q] \{Q} or (B Q] = [P, Q] \ {P} with obvious meaning.
The minimum time function u is defined as

ux) = inf{L(y) 2y €T,7(0) € Ro, y(1) = x} = d(x,Ry). 2.2)

It is the the time the fire needs to reach a point x € R? from the starting set Ry; it is also the solution to the
Eikonal equation (1.5). In the case Ry = {0} then u(x) = d(x,0).

Definition 2.1 (Optimal ray). Let us fix a point x € R?>. An optimal ray v, from R to the point x is a Lipschitz
path 7 : [0,1] — R?, y € Lip([0, 1];R?) with the following property: there exists a sequence {y,} c I' minimizing
(2.2), with y(0) € Ry and y(1) = x such that y, — 7, uniformly.

We call T the set of optimal rays.

We say that, given a strategy Z c R? and given the starting set Ry c R?, the barrier Z is admissible if
HNZNRE() <ot, Vi=0. (2.3)

Moreover, it is an admissible blocking strategy if it is admissible and

RZ = JR* (0

120
is bounded. We define the admissibility functional as

A (x) = u(x)—%%l(ZmRZ(u(x))), VxeZ, (2.4)

and we observe that it is positive iff Z is admissible. We will denote by
S ={xeZ:o4(x)=0}, (2.5)
the saturated set of Z, and x € . will be called saturated points.

2.2. Some preliminaries. We collect here some simple observation which allows to simplify the problem and
just consider a precise initial geometric situation: Ry = {0} and Zn B;(0) = @

We first observe that, if the strategy Z is admissible for the initial set Ry, then for all r > 0 the strategy Z=rZ
is admissible for Ry = rRy: indeed, it holds

th =TRy,
and then
FEN(ZORZ(r0) = r 76 (ZnRZ (1)) <o (ri).

We deduce that to prove existence of blocking strategies it is sufficient to construct a confining admissible
barriers when Ry is contained in a ball.
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Clearly if R c R, then Z admissible for R is also admissible for R: hence it is enough to consider R = B;(0).

The previous observation gives that if Z is admissible for B; (0), then Z is also admissible for Ry = {(0,0)}.
Since constructing barriers inside Ry does not change u(x) (they should have .7#!-measure 0 for admissibil-
ity), we conclude that if there are no blocking admissible barriers outside B; (0) for Ry = {0}, then there are no
blocking admissible barriers for all Ry = R? open bounded.

We can thus pass to the limit and consider Ry = {(0,0)} with Z n B;(0) = @: if no blocking barriers Z are
admissible in this configuration, then the same holds for all Ry. Note that in this setting the problem is invariant
for scaling and rotations of the barrier, so that we can assume that (1,0) € Z.

On the other hand, if a barrier is admissibile for Ry = {(0,0)} with the speed o, then it is admissible for B¢ (0)
with speed ;Z;: indeed, denoting by RZ (1) the burned region for Ry = {(0,0)} and RZ (¢) the one with Ry = B (0),
it holds

RZ(t—€)=R* (1)
and then
HNZNRE(1—€) = #MZNRA (D) <ot < Ut—te(t—e) < 1L€(t—e),

being ¢ = 1 because Z n B;(0) = . We thus conclude that if the fire can be blocked when Ry = {(0,0)} with
velocity o, then it can be blocked for any Ry open bounded with any speed > o.

Since the same scaling argument shows that the set of speeds o for which there is a blocking barrier is an
open unbounded interval (7, +00), we have proved the following

Proposition 2.2. There exists a value & such that:

(1) ifo < & itis not possible to block the fire Ry = {(0,0)}, and then also for all open bounded initial Ry;

(2) ifo > & then it is possible to block the fire for all Ry and then for Ry = {(0,0)};

(3) in the critical value it is maybe possible to block the fire with Ry = {(0,0)}, but not for any other Ry open
bounded.

Therefore we will assume the following geometric setting:

Initial configuration: the fire starts spreading in the point (0,0), the barrier contains the point (1,0) and it lies
outside B; (0).

Remark 2.3. We will show that for spiral barriers also in the critical case Ry = {(0, 0)} the fire cannot be blocked
with the critical speed 6. We believe this is true in general.

2.3. Spiral barriers. Among admissible strategies, we will consider spiral-like strategies: namely admissible
barriers where the effort of construction is put on a single wall that rotates on one direction around Ry.
We start with the definition of single wall strategy.

Definition 2.4 (Single-barrier strategy). Let Z = ([0, S]) R2 be a strategy, where (:[0,S] — R2isa Lipschitz
curve parametrized by length. We say that it is a single barrier strategy if it satisfies:

e {(0)=(1,0) and {Ljp,s) is simple;

o s— u({(s)) is increasing.

Remark 2.5. The first condition implies that { does not have internal loops: we believe that these loops are not
optimal, but allowing them would alter the spiral structure of the barriers considered here (see Definition 2.6
below). Also notice that every continuum can be written as the graph of a simple connected curve, so without
this assumption we would allow all connected barriers.

The second condition has a deeper meaning: indeed, it allows some independence of the strategy {((s, S1)
from ([0, s]). To explain better this fact, assume that there is an arc {((sy, s)) such that

u(C(s1)) = u(l(s2)) < u(l(s) Vs € (s1,82).

Then, the strategy ((s), s > s, needs to consider that the fire is burning part of the previous built barrier for
t € u({(s1, s2)), and it may even be not possible to continue the curve {(s), s = sp (for example if o < 2 and
u(l(s)), s € (s1, s2), is saturated, then no additional barriers can be added on the level set (z0)~!(s)). Instead
with our assumption it is always possible to continue the curve in some way, respecting the bound (2.3). These
considerations are in line with the idea that at every time ¢ the firefighter chooses the best strategy by evaluating
the configuration at time ¢, where the only unmovable barriers are { N u~1((0, 1), i.e. the burned ones (if we
alter these, then R (f) would change!).
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Notice also that this definition implies that if u({(s1)) = u({(s2)), then u({(s)) is constant for s € [s, s2], ex-
cluding thus from our analysis those strategies that are touched simultaneously in more than one point by the
fire and the spiral arc {4, ,5,] is not contained in a level set of u. We also exclude curves { which are not simple:
if our strategies blocks the fire, only the last point {(S) belongs to ([0, S)).

We give a definition of (local) convexity for strategies: since this local convexity implies that the tangent
{(s) rotates either clockwise or counterclockwise, w.l.o.g. we assume the second situation (in the first one we
assume that (v,v') is oriented clockwise).

Definition 2.6. We say that a single-barrier strategy Z = {([0, S]) is locally convex if for every x € Z\ {(S) there
existsaline H = x+Av, 1 € R, constant e > 0,0 > 0 and a function f : [-8,6] — [0, +00), f(0) = 0, convex Lipschitz
such that, in the framework {v,v1} oriented as the canonical base and centered in x,

ZNBex) ={(z,y):y = f(2),2€[-6,6]}.
and s — z(s) =v- ({(s) — x) is locally Lipschitz strictly increasing.

From this definition it follows immediately that the function s — ((s) defined above is BVj,: in particular
there exist the left and right limits t(s),t" (s):

() ={(s) = lim (), €7(s)={(sH) = lim (s,
s' /s AN
Let
D¢ = D¢ +{L1
be its measure derivative. By Radon-Nikodym Theorem and the Lebesgue Decomposition Theorem [ ]
and the local convexity assumption, it follows that

D¢ = w(s) D™+ Z(S)L'Zl = Z(Z(S'Jr) —{(si=)0s, (ds) + ()| DEOTE | + {Oh 1
R(s) = S R((s)
=Yt (s0) — t ()0 (ds) + { ()11 DT | + KO
T o RN’

where R(s) = R({(s)) = R((;s) is the local radius of curvature and 0; is the Dirac delta measure. Hence there
exists a unit vector v in the cone
veR?" conv{é(s—),é(sﬂ} 2.6)
so that
vAW(S) =1,
i.e. the vectors (v, %) are a possible base (v,v*) for representing ¢ locally as a convex function as in Definition
2.6: the only case to consider is the singular part, and we only observe that the vectors
wisi) = Esi+) — (i), v= DT
IC(si+) + ¢ (si—)]
do the job.

Definition 2.7. A unit vector v is called supporting direction in {(s) if v satisfies (2.6). The arc of the unit ball
made of vectors satisfying (2.6) will be called subdifferential of {, and denoted by 0~ ((s).

Remark 2.8. The considerations above show that an equivalent definition is that s — ¢(s) is locally BV, and that
(assuming that {(s) is right continuous)
D{(s)A((s)=0.

If the above product is negative, then the rotation is clockwise.

We introduce now the rotation angle of the vector {(s) as the monotone increasing right continuous function
s— (s) such that

th(s) = €'’
This function is uniquely defined once we fix the initial angle, and in this paper we set
@(0) =27+ Z(t*(0),e1).

The interval [0, 27) will be used as the initial parametrization for the first rotation, see Proposition 2.11.
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We make the following additional assumption:

Osﬁﬁ@ﬁﬂsg @.7)
where e is the horizontal vector of the canonical base. This assumption is used to parametrize the spiral in
polar coordinate for a first interval. By convention we assume that

t (0)=e; =(1,0).

Remark 2.9. It is fairly easy to see that another equivalent definition to Definition 2.6 is that there exists such
a monotone increasing function s — ¢(s) such that ¢ (s+) — @(s—) < 7 and {(s) = ¢'?¥): in this case

0 ¢ ={e'?,pelp(s-), (s}
We can now give the definition of the class of barriers which we consider in this paper.

Definition 2.10. A single-barrier (not necessarily blocking) convex strategy satisfying Assumption (2.7) will
be called a spiral. The set of admissible spirals (i.e. is the set of admissible single-barriers (not necessarily
blocking) convex strategies satisfying assumption (2.7)) is denoted by «/s.

2.3.1. Angle-ray parametrization of spirals. From now on we will fix an admissible spiral Z € «/5. We will extend
the alternative parametrization introduced first in [ ] for the self-similar saturated spiral (see Section 3.1
for definitions) to a general spiral strategy Z. We will call such a parametrization angle-ray parametrization or
angle-ray representation.

The next proposition contains the core results of this section. In the statement the choice of the sequence of
rounds is fixed (see Equation 2.9): a simple adaptation of the proof allows some flexibility in the choice of the
sequence of angles ¢, see Remark 2.12.

Proposition 2.11. Let{ be a spiral strategy. Then there exist two sequences of real positive numbers
0<§<$H< <5 <5 <S, 0<P1=2n<Po<--<Pr=¢,
for some angle ¢, with the following properties.
(1) For0 < s < § the spiral { coincides with the oriented segment
{(s)=(1,0) + sey,
and the value 5, is given by
§; = inf{¢ "' (R* \Re;)} = max{s:{([0, s]) < Re; }.
(2) For0 < ¢ < ¢y = 27 the spiral can be represented in polar coordinates as
{(s5 @) = ro(@e'?, 2.8)
with ro(¢p) a Lipschitz function in [0,27]. Defining the value
5o = #}?ﬂS;((ﬁ) =min{s> 3 :{(s) eR" e}

as the value s of the next intersection with the line { (51) + e;R* = {(51) +t~ (51)R", the map (2.8) defines a
continuous bijection

[0,271] 3 ¢ — 57 () € [51, 52],
Lipschitz in (e¢,2m] for every € > 0 and with Lipschitz inverse, where the final value is §, = sa' (2m). The
optimal rays are the segments [(0,0),{(p)] = ro(p)e'?, where {(p) = (s5 (¢)) and the region S bounded
by the Jordan curve {([51,52)) U [{(52),{(51)) has convex boundary apart from the point {(5,) and it is
star-shaped w.r.t. the point {(5;).
(3) For¢=1,...,k—1 the angles ¢, Py satisfy

- - o 5 b2
Boi1 =21+ P +0Ps, Spp =L (5741),€'") € (0.5), 2.9)
and there exist three functions

(Do, i1l 2 P (re(), s, (), 57 (P)) € (0,00) x [Sp, Sp41] % [S741, Se42],
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with s, increasing right continuous, r¢(¢) right continuous one-sided Lipschitz with negative singular
part of the derivative (i.e. DS™8r < 0), and s; Lipschitz increasing, bijective with Lipschitz inverse, such
that
{(sp (@) ={(s, () +1¢ (@)e'.

The final point 5y, is given by

Sev2 = ligl s; (@) =min{s > 57,1 :{(5) € {(Sp) + (r41)RY}, (2.10)

0+1

Moreover the optimal ray ending in the point((szr () is the union of the initial segment [(0,0), (1,0)), the
spiral arc{([0, s, () and the final segment [((s, ($)), (s}r ()] = re(p)e'?. Finally the boundary of the
open bounded region Sy, is the Jordan curve

C([85p41,30+2)) U [L(5p42),((5p41))

which is convex outside the point {(5¢,) and it is star shaped w.r.t. the point{(5s41).
(4) For ¢ = ¢y there are three functions

[Pk, P12 = (1 (D), 5 (D), 55 (P)) € [0,00) x [5g, Sge1] % [Sk41,S],

with s, increasing right continuous, ri.(¢) right continuous one-sided Lipschitz with negative singular
part of the derivative and s|_ Lipschitz increasing, bijective and with Lipschitz inverse, such that

(st (@) = {(sp () + ric(p)e.

Moreover ri.(p) = 0 only if ¢ = ¢ (and in this case { (S) € {([0, S)), and the optimal ray ending in the point
(s} () is the union of the initial segment [(0,0), (1,0)), the spiral arc{([0, s, ($))) and the final segment

1€ (55 (@), L (s (@) = re(pe'?.

We will refer to the decomposition of [0, S] = Uy [S¢, S¢+1), [0,([)] = U[[(z)[, phiy,) of the above proposition as
the decomposition in rounds: indeed, Point (2) describes the first round about (0, 0), which in polar coordinates
corresponds to a rotation of 27, Point (3) describes the next rotations of angles > 27 about {(5,), and the final
Point (4) is the last part of the curve, which may close or remain open. For a picture of this representation, see
Figure 12.

Proof. The first two and the last cases can be seen as a particular case of Point (3) in the statement, hence we
will only address it.
The iterative assumptions are that

(1) the open region Sy, bounded by the Jordan curve {([Sz, S¢+1)) U [{(5¢+1),((S¢)), is a star shaped region
about {(5¢), with convex boundary outside the point {(5,);
2) (1) €4+ (5RT.
These assumptions are clearly satisfied for ¢ = 0.

Step 1. We first consider the barrier

5 {(s) S€[8¢,80+1),
Co(9)=4 _ o 3 _

C(Sp41) + € (Sp1)(S—3Sp1) = 5p41,
obtained prolonging the tangent t™ (5,.;) indefinitely. A consequence of the analysis below is that if the half-
line intersects the curve {([5¢,5,41)), then we are in the situation of Point (4) of the statement, so it is not the
case considered here: it is nevertheless easy to adapt the next steps to this last case.

We consider next the minimum time function for the new barrier Zg = f ([S¢,+00)) (see Fig. 13a):
R®\ Sy 3 x— u(x) = ul(5,) +inf{L(Y),y(O) ={(5),y() =xand y((0,1)) N Z, = (25}. (2.11)

In the above representation we have observed that every optimal ray has to cross the segment [{(57),{(5¢+1)],
(2.11) gives the correct time function on the segment [{(5,),{(5¢+1)], and an optimal ray is a segment when not
touching the barrier (because it must be of minimal length): hence it must pass through {(5y).

Elementary geometric considerations show that for every point x € R?\clos S, there are at most 2 points {(s)
with s € [§y, §¢,1) such that

x={(s) _ x—0(s) o
mea ((S); ((S)+|x_—c(s)|€€(([s[,s[+l)) for e <« 1,
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Figure 12. Decomposition in rounds of any admissible spiral Z. The notation is the one of
Proposition 2.11. Observe that in the points of non-differentiability the angle is
computed following the direction t™ (5,)

{(evn)

(a) The barrier for constructing u(x), Equation 2.11. (b) Step 2 of the proof of Proposition 2.11.

Figure 13. Proof of Proposition 2.11.

and in case there are effectively two points, the only one for which the segment ({(s), x) is not crossing the half
line {(5p41) + t~ (5S¢4 1)R* is the larger one: we denote this value by the function
R*\ (Sp U{C(Gre1) + € (Bre)RTY) 3 x— v(x).

Since the optimal ray must be in the supporting direction when touching the barrier, we deduce that the struc-
ture of the optimal ray is given by
Yx =C[Se, v(x) VI (w(x)), x], (2.12)
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where we used the convexity of {([S¢, S¢+1)) to deduce that if the optimal ray touches Z in two different points
{(s1),{(s2), it coincides with {((s1, s2)) in between.

Step 2. In this step we prove that the structure of the optimal rays (2.12) remains unchanged for the points {(s),
S¢+1 < S < §y42, where the last point will be defined later. Let § > 5y, be the first value such that

there is {(s") € ((W({(9)),{(3)), i.e. the barrier touches the optimal ray.

This cannot happen before 5,1 by the iterative assumption, see Fig: 13b. In particular, the point
{(sh= arg-min{l((s) -, ()€ (((v(((s))),((s))}
satisfies s’ > § (the latter being the first point), and hence by the structure of the optimal ray one has

Ul (s - ul () = -1{() - ¢(sH <0,

contradicting the monotonicity of the function uo{. Hence u(x) defined in (2.11) is the time function on
C([5¢+1,Se+2]) because for s € (5041, 5¢+2) the optimal rays are touching {(s) only in the last point In particular
the optimal rays are given by the construction of the previous point.

Using the iterative assumption on the structure of optimal rays (i.e. the optimal ray arriving in {(5,41) is
the initial segment plus the spiral arc), we have proved the statement on the structure of the optimal rays: the
initial segment, the spiral arc {([0,v(s)]) and the final segment [{(v(s)), {(s)].

Step 3. We then obtain that (2.12) is valid for all points {(s), and elementary geometric considerations give that

20 =@M p)e(0.5], ped . 2.13)

The upper bound is the monotonicity, while the lower bound is because

o the angle is > 0 at {(5,+1) by convexity and the iterative assumption on Sy,
« the derivative of the angle ¢ (with t(v) = e'?)) w.r.t. s satisfies the distributional bound

—— +2=L >0, (2.14)
N

obtained by comparing ¢ with a supporting line in the point {(s).
Using the local convexity about v(x), again by elementary geometry one can show that
{(s) —C(w(((s)
s—¢(s) suchthat @ =2 > "> 7"
¢ RO

is locally Lipschitz, with right derivative
da¢ _ ((8) = CW(l () AL (s)
ds () =W (s)))I?

Hence, if (2.13) holds, ¢(s) is locally invertible and monotone strictly increasing.
Therefore the next angle ¢, is given by (2.9) and the last point 5., is given by (2.10).

(2.15)

Step 4. The function s; (¢p) is defined as the inverse of the function s — ¢(s) above, and the previous point
shows that it is Lipschitz and strictly increasing, bijective with Lipschitz inverse. Here we notice that because of
(2.13), we have that it has Lipschitz inverse in the whole interval [¢,, 1, . 2], which would correspond to Point
(2) of the statement.

The function s, (¢) is given by

s; () = v (s* () =max{s: e’ €07 (s)}. (2.16)
The latter representation shows that s, (¢) is monotone increasing, right continuous, coinciding locally with
the right inverse of s — {¢, e'? € 9 ((s)}, and then BV.

Finally
re() = | (s7 (@) — (s, ()]

is clearly BV, right continuous and
{(s; (@) —{(s, (@)
RADEARE
+ Y (|((s; @) — (s, (@] —[¢(s7 @) —¢(s, (¢—))|)a¢.

s; (¢p) jumps

Dsingr[ (¢) - _ Dcantor((s— @)
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Figure 14. Parametrization of a spiral-like strategy. Here the parametrization is given by
the geometry of the fire rays. The angle ¢’ is obtained by the angle ¢ through
Equation (3.1), while r(¢') represents the length of the last segment of the fire
ray.

Formula (2.16) gives that the singular parts of { (s, (¢p)) have direction e'? and are positive, so that DS"8r, < 0.

Step 5. It remains to prove the structure of the set Sy.;. The previous points shows that the convex curve
{L(5,.,,5,.,1 TOtates about {(3,1) until it crosses the half-line {(3741) + t” (5¢4+1)R™ in the point {(574,): its star
shaped structure follows by elementary considerations. U

Remark 2.12. We observe that the choice of the intervals ¢, 1 = ¢, + 27 + Z(t™ (57), ') can be changed into
Bra1 € o+ 21+ (L (5p), €90), L(E (57), €90)) 2.17)
without any variation in the proof, the idea being that in any case we know the evolution of the spiral for
BEPp+2m+ (L (3), e, Lt (50),€'0)).

More precisely, one has used in Step 1 of the previous proof the barrier

£p(s) = {as) SEB0 S .

CSpr1) +V(s—38p41)  $= 3041,
This observation is useful when taking limits of sequences of spirals, in which cases every round converges to
around satisfying (2.17).
By piecing together the function s, s;, r¢ of the previous proposition we obtain the following

Theorem 2.13. There exist 0< 3§ <3,,5<S, ¢ =27 and3 functions
[271,) 3 p— (r(¢), s~ (), s (¢)) € [0, +00) x [51, 5] x [52, S]
such that the following hold:
(1) r(¢p) is one-sided Lipschitz and right continuous, positive for all ¢ < ¢ and the spiral{ is closed iff r (p) =
0;
(2) s~ (¢) is monotone increasing, right continuous, and s~ (2m) = §1, s~ () = §;
(3) s*(¢p) is uniformly Lipschitz, bijective with Lipschitz inverse and increasing, and s* (21) = sp, s* ((/3) =S;
(4) it holds
e P ed (s, (TP =L (P)+r(pe'?;
(5) ifst(p) =s"(¢"), then

¢’—¢—2ne(o,%].
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The structure of optimal rays given in the previous theorem motivates the following
Definition 2.14. The point (s~ (¢)) will be called base point of the optimal ray arriving in {(s* (¢)).
We define the two following functions:
B () = Z(t (s (@), e?), BT()=L(t" (s (), e"?). (2.18)

Being s (¢p) Lipschitz and t(s) a BV function, it follows that *(¢) are the right/left representative of the BV
function

B®) = Z(L(sT (), e'?). (2.19)
The range of these functions is (0, %] in the interval ¢ > 0 by (2.13), and clearly DS"8f > 0, using the same
estimate as (2.14): more precisely we have the one-sided Lipschitz estimate

D+ 2Lt =0, (2.20)
obtained again by comparison with a supporting line at {(s* (¢p)). We will equivalently use the notation
BE(s)=p*(p) where s=s"(¢).
Define the instantaneous burning rate as
b(t) = DA (ZNRZ(1) = Dy (o)1 ([0, ). (2.21)

The following proposition provides a formula for the admissibility functional (2.4) in the case of spiral strate-
gies, due to the previous geometric properties of these barriers. Since it is a fairly easy consequence of the
previous results, we will not provide a proof.

Proposition 2.15. The admissibility functional (see Equation (2.4)) &f as a function of ¢ can be written as

1
A(P)=1+s (P)+1(d) - ;S+(¢),

and the right continuous representative of the a.c. part of the burning rate function b(s) is

b* (1) = m u(((s) =1t. (2.22)
As a simple application, we have:
Corollary 2.16. If{(s) is saturated, then 8% (s) < arccos(%).
Proof. By (2.22) we must have for saturated points b* < g, which is the statement. O

3. RDE DESCRIPTION OF A SPIRAL

In this section we will give a representation of a spiral strategy Z by means of a Retarded Differential Equa-
tion (RDE), based on the angle-ray representation of Theorem 2.13. This is a generalization of the RDE obtained
in [ 1, where the angle $(¢) is equal to a = arccos((lf). If one considers f(¢) as a control parameter, the spi-
ral is described by the linear RDE (3.3) with control §, which in the case f(¢) is continuous becomes

d N o_ / no_ r(¢)
_d<pr(¢ ) =cot(B(¢)r(¢) —sin(ﬁ(¢))’
r(@)

The term SB@) is exactly the curvature of the spiral at the base point of r(¢) (see Definition 2.14). Observe
moreover that the delay interval

¢ =P +2m+ B(o).

' —p=2m+p@)
depends on the control parameter at the previous round, unless § is constant.

The main result of this section is the equivalence between the solution to the RDE above and convex spiral
barriers (Proposition 3.5) and the analysis of the solution for 5(¢) = a constant: in particular the key criterion
(Lemma 3.14) to check if the solution r(¢) is diverging and its application to the saturated spiral (Proposition
3.16). In addition, we compute some Green kernels for the linear RDE and study some of their properties: they
will be useful in the next chapters.

We start now by writing the RDE for spiral barriers.

Lemma 3.1. Let Z be a spiral (Definition 2.10) and let ¢ — [(¢p) (alternatively s — [(s)) as in (2.19). Then the
following formulas hold:
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(1) The relation s~ (¢') = s* (¢p) has solutions (see Figures 14)

¢ ep+2m+(B (@), BT (). 3.1)

(2) It holds
T (')
46" D= snpe)
(3) If(s™ () is a differentiability points of Z with {(s™ (¢)) # 0, the curvature x is given by
1 d¢
"R das @)

and, for ¢ > 27, the spiral satisfies the equation

(3.2)

i()— t(fB( ))()—if() (3.3)
d(pr(p—co d)Nr( d‘l’s [0} .

in the sense of distributions.
Since the functions involved are BV by Theorem 2.13, we will use also the notation
Dr=cot(f)r L' + Ds~

in the sense of measures.
The next definition corresponds to a generalization of the linkage introduced in [ l.

Definition 3.2 (Subsequent angles). Given the rotation angle ¢, we will refer to the angles ¢’ given by (3.1) as
subsequent angles.

Remark 3.3. In the case of the first round the equation for spirals reads as follows

dar

Fr cos(B(s)), (3.4)
or, in the variable ¢,

ir( ) = cot(B(P))r(¢h)
T ) = PN ().

Note that (3.3) holds for all ¢p by extending s~ ([0,27)) = 0.

Proof of Lemma 3.1. The first point is a consequence of Points (4),(5) of Theorem 2.13 and the definition of ,BJ—r
in (2.18) (see Figure 14).

Point (2) is the inverse of (2.15).

Finally Point (3) follows by projecting the derivative of

LT @) =L~ (@) +er@)

on the direction e'? and using Point (2). U

Remark 3.4. In the case of ‘fi—sd; = R(¢$).Z"', R(¢) being the curvature of { (s~ (¢))), we obtain the RDE

d
%r(gb) =cotB(P)r(p) — R(P). (3.5)

When s~ jumps (or it has a singular part), then r(¢b) has the same singular part with opposite sign, in partic-
ular it jumps down, as observed in the proof of Proposition 2.11.
If instead s~ is constant, i.e. there is a corner point in {(s™ (¢)), then the ODE becomes
dr(¢)

d—(p = COtﬁ((,b)r((f)).

See Figure 15.

In the next proposition we show that the one-sided Lipschitz bound on S(¢) given by (2.20) suffices to con-
struct the spiral .
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Figure 15. In a point of non-differentiability P the variation of the radius is computed as
% () = cot ()7 (¢p). The opposite situation occurs at the poin R, where the r
has a downward jump of size equal to the length of the segment [Q, R].

Proposition 3.5. Assume that the function f: (0,00) — (0, %] satisfies
€
d
D,B+gfl >0, and p((0,€) > O,/ ,3(_:/[;) < oo for some € < 1. (3.6)
0

Then, there exists an angle ¢ € (0, +oo] depending only on B with the following properties: for every given r(0),
there is a unique spiral { such that the functions r (), s~ (), s* (), ¢ € [0, (/3) constructed in Theorem 2.11 satisfy
the equations

(T () =L(s™ () + (e’ Z—; =cot(f)r + % r(0) = E{% r(¢). (3.7

Ifp < +oo, thenas ¢ / § either r() \,0 or r(¢) / oo with asymptotic direction e'®.

The integrability of B~! near ¢ = 0 is needed to construct an initial arc of the spiral, since the one-sided
Lipschitz assumptions on f will take care of the integrability at the next angles. The positivity assumption is
just the requirement that we are rotating counterclockwise. We remark that every  which is locally 1-sided
Lipschitz in (0,€) can be extended to a 1-sided Lipschitz function on (0,00), so that § defined on (0, +o0) is not
arequirement.

Proof. We start with the first round, where the angle-ray parametrization corresponds to the polar coordinates:
the ODE is then (3.4), whose solution is

r) = reld L 3.8)
Due to the assumption that foe % < 0o, the above formula is locally meaningful.

The curve is given by
(@) =r(@e'?,

and it is a fairly easy computation to show that (3.6) implies the convexity of . Note that if § converges to 0 for
¢ /" ¢, then by the 1-sided Lipschitz condition (3.6) we get B(¢p) < (¢p— ), so that r(¢) given by (3.8) diverges as
¢ — ¢ with asymptotic direction e'?, and in this case the construction procedure stops. Note that for this case
r(¢$) = r(0), so that if r is not blowing up the polar representation stops when ¢ = 2. For coherence with the
notation of Proposition 2.11, we will set

27
- Z - ()
§1=0, =27, &= ————do,
=0 4 ? /0 sin(pgn
the latter being the length of the spiral in the first round.
Assume that the spiral has been constructed up to the rotation angle ¢,, with length §,,: more precisely,

« the curve {(¢), ¢ € [Po_1,Py], is locally convex, and it can be represented as in Proposition 2.11: we will
write {($), s € [y, S¢4+1], for its length parametrization, and we will use the notation of convex spirals;

o {(Pp) €C(Pr-1) + (Pr-1)R™.
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In particular, by defining the next angle
e =), Genr€derzn+(0.7],

the function
[pe,Prs1) 3 p— s () €[S, 5p41]
is defined as in (2.16): it is the right continuous inverse of the monotone function [5¢,3,41] 3 s — t(s) = e'?,
¢ € [de,Pri1]. We can also apply Step 1 of the proof of Proposition 2.11 to construct the time function u for the
next round, see (2.11).
Given the function B(¢), ¢ € [Py, o111, we now solve the ODE (3.3), namely

Dr =cot(B)r L' - Ds™,

yielding a unique right continuous BV function r(¢), ¢ € (¢, P¢41]. The domain of r(¢p) will be the set [¢¢, ) =
{r(¢) € (0,00)}. o
We can prolong the spiral ¢ for ¢ € [¢py, p) by defining the curve

(@) =L(s™ (@) + (e

We need to show that this is actually a curve and it is Lipschitz, locally convex, and ¢ — u({(¢)) is monotone,
where u is well defined as in the proof of Proposition 2.11, see Formula (2.12) for the explicit computation of
the time function at every round.

Taking the derivative and observing that D{(s™ (¢)) = e’¢|DC (s~ (¢))| by definition, we have

D( = e“p(Ds* +Dr)+ ire'® = (cot(B) + nre'?,
where we recall that 1 is the imaginary unit. This shows that { is Lipschitz whenever r < co, and moreover that
d
d—(puc( =cot(B)r(¢) >0,
giving the monotonicity.
Being ¢ — B(¢) a BV function by (3.6), we can further differentiate D{ obtaining

D% = D[(cos(B) + sin(B))e'?] = (D cos(B) + 1Dsin(B))e'? + (1cos(B) —sin(f)) e?.

Taking the scalar product with
1 + - + -
D (—sin( L@ oo (22D D)),

ID¢| 2 2
we get
D¢t Dy B+ (BB
m.Dm_1+cos( 5 )Dsm(ﬁ)—sm( > )Dcos(ﬂ)
. BB
= —Smﬁ(+ _;_ )Dj“”lp B+ L+ Do,
L

Hence (3.6) implies ¢ is convex. We thus conclude that it is a spiral according to Definition 2.10, once we
reparametrized it by length.

If B(¢p) \\.0 as ¢ ¢, the same conclusion as for the first round applies, i.e. the spirals blow up with asymp-
totic direction e’?. If r(¢p) \, 0, then the curve {(¢) closes at the angle ¢. Otherwise, we can prolong the spiral
to the next round ¢ € [Py, Ppi1].

It is clear that such a construction gives a unique solution r(¢) and curve {(¢), and by construction at each
round the angle-ray representation coincides with the one of Proposition 2.11.

The last steps in the proof is to prove that ¢ does not depend on r(0): for this, we just observe that the
equations (3.7) are linear w.r.t. r,{, so that r(¢p) = r(0) 7, (0)=1 (¢p) and similarly {(¢p) = 7 (0)(0)=1 (). O

We conclude this section by observing that in case of constant angle f(¢) = §, the radius of curvature is

()

n_
Ry = sin(B)’
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and then the equation (3.5) reads as
((l))
d¢’ sin(B)’
This is a linear RDE with constant coefficients introduced first by [ ], written as
rip-Q2r+p))
in(8) '

(¢)—COt(ﬁ)r(¢>) ¢ =2m+P+p.

% r(¢p) = cot(B)r(¢p) —

which we are going to study in the next section.

(3.9

3.1. Analysis of the Saturated Spiral. We start with the definition of saturated spiral, with the initial set of the
fire Ry = B1(0): even if it is not the initial fire set we consider, it will serve as a simpler situation where we
develop one of the building blocks of our analysis. The analysis for the "saturated spiral" when Ry = B;(0), r €
(0,1), or Rg = {(0,0)} will be done in Section 5. In particular, it is a simple observation that given an admissible
spiral { up to the angle ¢y where {(¢y) is saturated, continuing ¢ as a saturated spiral (i.e. solving (3.3) with
B = arccos( U) constant for r(¢) is the angle-ray coordinates) gives an admissible spiral up to the angle where
r(¢p) may become 0: indeed by definition the rate of construction is equal to .

Definition 3.6. We define the saturated spiral as the admissible spiral Zs,; with the following property:
S (Zsa) = {1 €0, T] : A (Zgay " R%= (1)) = ot} = [0, T.

Clearly the above definition implies that Qg = B;(0), otherwise (1,0) € Zg,; is not saturated.

Saturated spirals are strategies built assuming the instantaneous speed of construction is constant and takes
the maximum value o, that is the burning rate function b(¢) is constantly equal to o.

The formula for burning rates (2.22) tells us that, in case of saturated spirals, the angle between the fire ray
and the spiral is constantly equal to

B () = B~ (¢p) = arccos (%),

which will be denoted by a = arccos(}f).
The first lemma addresses the first round: it is just the integration of the linear ODE (3.4), which is now with
constant coefficient cot(B(¢)) = cot(a), and it has been obtained already in [ 1.

Lemma3.7. Let Zs, be a saturated spiral. Then, in the angle-ray representation { (¢p) = { (p— 27T — @) + I'sat () €"?,
the ray rsai(¢p) satisfies the RDE

I'sat(p — (27 + @)
sin(a)

d
——TIsat() = rsat(¢p) cot(a) —

d¢ ) (3.10)

with initial data
_ gtot@¢ V¢ € [0,2m),
Tsat,0(p) = (ezncot(a) _ 1)ecot(a)(¢*2”) Vo€ 2n,2n +al.

Proof. For ¢ € [0,2n] itis a consequence of the RDE which reduces to the ODE 7 = cot(a)r. Assume ¢ € [27, 27+
a], one easily computes that, calling P = (1,0), the saturated spiral is a logarithmic spiral centered at P with
initial radius r(27) — 1. Finally, (3.10) follows by (3.9) for which the angle of the spiral is constantly equal to
a. d

In the next section we study the RDE of the saturated spiral.

3.2. Formulation as aretarded ODE. In this subsection we study in detail the RDE (3.10), and we find for which
angle a (or equivalently for which burning rate) the associated spiral confines the fire. Part of these results have
been already obtained in [ ] (we repeat them for completeness using a different approach based on RDE
analysis), with also a new direct proof that the saturated spiral constructed with speed o < & = 2.6144.. does
not confine the fire (Proposition 3.16): the speed ¢ is called critical speed, and it is computed as the solution to
an eigen-equation.

The proof of this result exploits a change of variable in the equation (3.10), which will be of key importance
also in the next sections (Lemma 3.14). we refer mainly to [ ] for the theory of RDEs.
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3.2.1. Change of variables. Define the constant

ln( 2vn+a)
and rescale the solution r(¢) to (3.10) as
p(1) = (R +a)T)e “CTHOT, (3.12)

By direct computations

—cenrar (i r(@n+a)t) —crm+ a))

p=Q2r+a)e ¢

27 + a)e~c@T+a)

=2 t(a) — - -1
(27 + a)(cot(a) — ) p(1) sin(@) p(t-1)
=a(a)p(r)-p(r-1),
with
2n+«
a(@) = @7+ a)(cot(@) — c(a)) = 27 + a) cot(a) — 1n( , ) (3.13)
sin(a)
We will now study the spectrum of the RDE
p@) =ap(r)-pr-1). (3.14)
The characteristic equation for the eigenvalues A is
A+er—a=o0. (3.15)

We start by studying the real eigenvalues: the following result has been obtained also by [ , l.

Lemma 3.8 (Real Eigenvalues). The following hold.

(1) Ifa>1, there are two real eigenvalues Ay, Ay with Aj <0< A; with algebraic multiplicity 1.
(2) Ifa =1, there exists a unique real eigenvalue Ay = 0 with algebraic multiplicity 2.
(3) Ifa <1 there are no real eigenvalues.

Proof. Itis elementary to see that the function A — A+ e~* has a global minimum at A = 0 with value 1 and it is
strictly convex. g

From the point of view of solutions we thus have [ , Theorem 4.1] the following
Corollary 3.9. The following holds:
(1) Ifa>1, there are two solutions to (3.14) of the form
p (M =eh?, pta)=el’,
the first exponentially decreasing while the second exponentially increasing. The two real eigenvalues
Ay, Ay with Ay <0 < Ay have algebraic multiplicity 1.
(2) Ifa =1, there exists two solutions of the form
p@m=1, pkE)=r1.
Since the function equation

2n+a

In( sin(a) ) )
2n+a

a— ala) =2+ a)(cot(a) +

has derivative

2n+a 2n+a (1 .
-—— + (21 + a)cot(a) = — 3 (—sm(Za) — 1) <0,

sin“(a) sin”(a) \2
by inverting it we obtain the following (see [ , Lemma 6]):
Corollary 3.10. Let & be such that

ln(Z'T[+lX)
@+ a)(cot(a) + ﬂ) =1, a=11783.,
2n+a
and
o= =2.61443....

cos(a)
Then the following hold.
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15
L eV cot(y) sin(y)

y

-10

-15-

Figure 16. Plot of the function f(y), Equation (3.17).

e Ifa < a (o> G), there are two exponential solutions to (3.10)

g A
r- (d)) — e(C(a)‘Fm)(I)’ r- ((l)) — e(d“)‘*’m)(ﬁ

with
Az +

0 ~ - 0

< c=cot(a) - - <cla)+ .
2n+a 2n+a 2n+a

o Ifa=a (o =0), there exist two solutions to (3.10)

r(p) = e, r(p)=pe?,

cla) +

with )
¢=cot(@) — —— =0.27995...
2n+a
e Ifa> a (o> &), there are no purely exponential solutions to (3.10), i.e. every solution oscillates.
We now turn the attention to the complex eigenvalues 1 = x + 1 y:
x+1y+e *(cos(y) —isin(y)) = a,

which gives

x:ln(sm(y)), 1Yl € (=7, 7) + 2k, (3.16)

and
e¥siny

fy=

The function y — f(y) = eV % has the properties:

e?>0. (3.17)

e it is symmetric, so we need to study only the case y > 0 (positive real part), and f(0) = e (which is the
critical case for the real eigenvalues);
e itis positive when sin(y) > 0, i.e. for
ye(,n)+2kn, k=0,1,...,
negative in
ye@m2n)+2kn, k=0,1,...,
and
—oo kodd,

lim f(y)=0, lim f(y):{
y—kn+ +oo keven;

y—kn—

moreover it is strictly monotone in each interval.
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e Foreach k=1,2,...,let y; be the unique solution to
e¥Ysiny
y
Writing yy = 2kn + 5 — &, we obtain the estimate

e, ye(kn,k+ 1)l

1 1
e(2k+i)”5k COS((sk) e(2k+§)7'[6k

Ck+D)-6r  @k+D)’
which shows that 6 ~ % as k — oo.
o The corresponding eigenvalues are
sin(yx) . Yk
Ap=In|———|+1yr=a— — cos(yi) —isin(yr)), |Ax—al=— .
k ( N ) Yk sm(yk)( Yk yo) Ae—al Sin(yp)

By means of the asymptotic estimate of y we get

Qk+Hm

Ap—a=———->=—(sin(0) —1cos(dy)) = —In(k) + 1k.
cos(0y)

Hence they asymptotically lie on the curve
x =—In(y).
« Since every 0 of (3.17) is simple, the complex eigenvalues are simple.
Reconstructing the eigenexponent for the original RDE (1.7), we have proved the following lemma (see

[ , Lemma 6]).

Lemma 3.11 (Complex eigenvalues). The following hold.

(1) There is a sequence of complex conjugate exponents indexed by k =1,2,...
In(k)

T
t +1), =2k — =0k, O)p = —, 3.18
(cot(yr) £ 1), Yk T+ 50k Ok =5 (3.18)

wr=cla)+ = cot(a) — 2 Yk

2n+a T+a
such that the corresponding eigensolution to (3.10) is

ri(@) = ek ?;

(2) if a > a, there is a couple of complex conjugate exponents wy computed according to (3.18) with y, €
0,7m);
(3) for a = & the couple at|y| < m of the previous point merges to the exponent

¢ =cot(a) —

2n+a

3.2.2. Application to saturated spiral strategies. Aim of this section is to prove that the saturated spiral confines
the fire for o > ¢ and does not confine the fire for o < &. The first statement is quite easy and it has been already
proved in [ ] and [ , Theorem 1], while the second is a consequence of the estimate on the number
n of rounds needed to close the saturated spiral, i.e. n ~ S(wg) ! given in [ , Theorem 4]. In this section
we present a different approach for this second result which can be adapted to general spirals, and obtain the
asymptotic behavior.

We assume first that o > ¢ and consider as initial data for the RDE (1.7) any admissible spiral. This is the
case where a firefighter constructs any admissible spiral with construction speed ¢ up to some point Q, with
the property that in the point Q itholds 7 (Q) < @, and then it starts constructing a spiral with constant angle @.
We will call saturated branches the arcwise connected subsets of spiral-like strategies constructed with constant
angle a.

The new spiraling strategy obtained in this way is still convex and it is admissible, being the point Q admis-
sible: indeed, if Z is this particular spiral strategy, then

ANSNRZ(1) = AN ZNRE(sQ)) +a(t—sg) <at, Vi=sq,

with sg = u(Q) (uis the minimum time function), where we have used that the burning rate (2.21) is constantly
equal to o and the fact that Q is admissible.
The previous discussion on the complex spectrum of the operator justifies the following statement.

Proposition 3.12 ([ , D). Ifo > &, then for any initial data the saturated spiral confines the fire.
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Proof. We consider the change of variables

p(1) = r((27 + ) 1) @rHa coU@T,
then the function p satisfies the following RDE:

27+ a) e~ Crracot@) 5p 1y g,

PO Gh@

It is a well known fact that every solution of a RDE of the form f () + ¢ f(r — r) = 0 with ¢ > 0 is oscillating iff the
characteristic equation A + ce™*" = 0 has only complex eigenvalues (see for example [ D. g

Remark 3.13. Observing that by (3.18)

27 27
R(wg) < R(wy) < cot(a) — <cot(@) - —— =-0.428111,
2n+a 2n+a

so that for a \| @ the only surviving eigenvectors are the ones corresponding to wg, which takes about % to
close. A more precise argument using the projection of the initial data gives the estimate of [ , Theorem 4].

For the analysis of the second case, we consider (3.14) and use the following simple lemma.

Lemma 3.14. The following holds:

(1) Ifa>1andp(1) = p(t) >0 foreveryt € [0,1], then p(t) diverges exponentially.
(2) Ifa=1andp(l)>p(r) >0, 1 €0,1), then the solution p(t) diverges linearly.
(3) Ifa <1, the solution p(t) oscillates.

In particular, the solution r(¢) is diverging when p(7) satisfies the first two conditions.

Proof. Ttis immediate to see that in the case a > 1 the solution p(7) is non decreasing for 7 = 2. Similarly when
a =1 the solution p(7) is strictly increasing for 7 > 2 under the assumptions of the statement. Moreover it is
fairly easy to see from (3.16) that all complex eigenvalues have negative real part.

Thus if a > 1 the unique non decreasing eigensolution is o7, which is the asymptotic limit of p(r). The
same for a = 1, where the unique increasing solution is 7.

The third point is due to the fact that there are only complex eigenvalues. g
Remark 3.15. Observe that the first two cases clearly hold also if

p)=zap(T)—pi-1), a=l.

We now show how this lemma can be applied to a concrete case, namely the saturated spiral rg¢(¢p) of
Lemma 3.7, to prove that the strategy cannot confine the fire.

Proposition 3.16. Let Z be the saturated spiral. Then it does not confine the fire foro < o.

Proof. Recall the initial data for the saturated spiral is given in Lemma 3.7: it is precisely
etot@¢ ¢ €[0,2m),
Tsat(p) = {( @27C0UQ) _ 1) p0t@ @27 b € (271, 27 + al.
According to Lemma 3.14, we have to prove that for all ¢ € [0,27)
0@ 5 b€ 0,2m),

-c2n+a) —c¢p _
Fsatm+a)e € > reat(P)e” ¢ =
sa sa (e2eot(@) _ 1)6—2ncot(a)+a(a)% ¢ € 2m,2n+a);

it is clear that the assumption of the lemma is verified for ¢ € [277,27 + @), being re (¢)e“@ 7z increasing in
that interval since a(a) = 1. It is also clear from the formula that we need only to check that

(£27C0U@ _ 1) p-2ncot@+al@) _ yal@) 2L >0.

Using (3.13) one can numerically verify that the function (see Fig. 17)

@ — (e2ncot(a) _ l)e—chot(a)+a(a) _ ea(a)zi—fa (3.19)

is decreasing w.r.t. @, and it is positive for a < 1.2. Being the critical angle @ = 1.17.. < 1.2, then we can apply
Lemma 3.14 and deduce that the saturated spirals does not confine the fire. 0
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Figure 17. Plot of the function (3.19).

3.2.3. Green kernels of the RDE. We write now explicitly the kernel for the RDE (3.14), i.e. a functions g: R — R

satisfying
g(r)=agr)-gr -1+

in the sense of distributions, where 0 is the Dirac’s delta measure.

Lemma 3.17. The kernel for the RDE (3.14) is the function
(T-k*
gn) = Z( DkeT=h 7 likoa (-
k=0
Proof. Indeed
li =0, li =1
lim g() lim g(1)
and by differentiation for 7 > 0 we obtain
—k k k-1
g1 = Z( Dk geatr—o T—0 * Wk,00) (7) + Z( pkear- TR

k=0 k! k=1 (k—1)!
=ag(r)—-gr-1).

H[k 00) (1)

Next we give the asymptotic behavior of g.

Lemma 3.18. It holds:
(1) ifa>1, then the kernel g(t) grows exponentially as
eAgT

—,
1—e o

where /15 is the unique positive real eigenvalue of (3.15), and moreover T — g(t)e 10*7 —

nentially decaying for T — oo;
2) ifa=1, then

2
T-—»g(r)—21+§

is exponentially decaying as T — oo;
(3) ifa <1, defining the quantity

1 .
UJ — = |U(‘)F |elll’1(d(UO ))’

1

—— isexpo-
—e o
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Figure 18. Plot of g(r) with @ = @ —0.01 (green), a = & (orange), @ = @ + 0.1 (blue), and the
asymptotic behavior of Point (2) of Lemma 3.18.

where ig is the eigenvalue of (3.15) with minimal real part and positive imaginary part, we obtain that

17— [g@e AT _ 21U | cos(S(s7)T + In(S(UY)))

is exponentially decaying as T — oo.

Proof. Take the Laplace transform g(s) of g(7): by using (3.14) we obtain
-g(0)+sg(s)=ag(s)—e g o(§)= ———.
g0)+sg(s)=ag(s)—e’g(s) = g te—a
If a # 1, then g has a simple pole when
stef=a = s=2A,

where A are the eigenvalues computed in the previous section.
For a < 1, there is a couple of complex conjugate poles which have the least negative real part /13’ =—Xoxi)o,
Xo, Yo > 0: the residue about them is

. 1 1
Uy = ~ = =
aslster—alu: 1-eh
Defining
Vo(r) = Uy eMoT + U ehoT
= 2|U{ 1eR M) cos(SA) T+ SUn(Uy))),
where

UJ — |U6r|ei3(1n(U6’))
we conclude that
N
T (8(1) — Vo())e "o

is exponentially decaying as 7 — +oo.

Same reasoning for a > 1: in this case there is only one pole A with positive real part, and then the residue
is 1

Uf=———.

0 1-e

We thus conclude as before that
T—gme M -U
is exponentially decaying as 7 — oo.
In the critical case, the Laplace transform has a pole in 0 of order 2 and can be expanded as

20 s,y 2 2
g(s) = s—z(1+§+@(s )): SH5 0.

Hence 2
T)—2T——
g() 3

decays exponentially as the first eigenvalue with negative real part for 7 — oo. 0
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In the following we need also to compute the solution m(7, 11, 72) for a Cauchy problem with a diffuse source:
it will be useful when studying the fastest saturated spiral and its perturbations.

Lemma 3.19. The unique solution to the problem

p(T) =ap@)—p(T—1)+Cr+a)ly, e CIT o) =0fort <7, (3.20)

where ¢ = c(a) is given by (3.11), is

0o [ pmcRT+a)T1 k T—11—k)Y¢
M) = Y | S 3 (e =7 Lo,00) (T=T1-K)
ol cotla) ;3 (27 + a) cot(a))*~
e C@nta)Ty k o (T—To— ]C)[
- Z (_l)lea(r 72—k) 2 — 0,00) (T — T2 — k)
cot(a) ;5 l!(cot(a) (27 + @)
e—cnt+a)Ty

P —c2m+a)Ty e
[ea(r T1 k)_1]+_800T[ea(T T2 k)_1]+

(cot(a)(2m + )k

Proof. Using Duhamel’s formula we get that the solution is

cot(a)

m(r,71,72) = g * po(1), po() = R +a)e “C"IT L (1),

that is
T2 ,
m(T,11,72) = 2n + ) / g(r—1")e “BTrIT g7’

k
—Qn+a) & ozo:( Dkeatr- r—k)—(cot@r+ra)-ayr T—T '— k)

Il H[k,oo) (T - T’)dT’
T1 k=0 .

(T-1 -k
= 2n+a) Z e —c@2nr+a)(t-k) ( 1)k cot(a)2n+a)(t—1'—k) '
k 0 k.
[e) 2n+a,)e—c(2n+a)(r—k) cot(a)(2n+a)(1—rl—k) i aak
1+k (—1) e —]I[O,oo)(O')dO'
im0 (cot(@)2m+a))lte J¢ k!

U007 —T)dT'

ot(a) 2r+a)(T—T2—k)

& 2ﬂ+a)e‘c(2”+“)(r‘k)[i( 1) eEOt@ T +a) -1~k (cot(@)2m + ) (T — 71 — k))?

= (cot(a)(m + @)1tk 2!

Tjo,00) (T =71 = k)

+ [ecot(a)(2n+a)(r—11—k) _ 1] +

_ i (1) eeot@ e r-r,-k) (COUM @M + @) (T T2~ k)’
0!
/=1

_ [ecot(a)(2n+a)(r—rz—k) _ 1] +

0,00 (T — T2 — k)

o CRrta)T k T—11-k)?
Z [ Z (_l)lea(r—n—k) ( 1 ) — Uj0.00) (T — 71 — k)
=0 cot(a) ;3 027 + a) cot(a)) <~
e—c(ZJHa)Tg k o (T - Tp— k)[
- Y (-1l R 10,00 T =72 k)
cot(a) ;o3 f\(cot(a) (27 + a))
—c2m+a)Ty —T—k —c@2r+a)Ty —To—k
. e o [ea('r T1—-k) _ 1]+ _ é‘a)T[ea(T T2—k) _ 1]+
(cot(@) 27 + a))¥ ’
which is the formula in the statement. ]

We compute the asymptotic behavior of m, which is the integral of the convolution of the asymptotic for-
mula of g with the source py.

Lemma 3.20. Denoting with g*Y™P'(1) the asymprotic expansions of g(t) in Lemma 3.18, it holds

T2

masympt(r,_[l’rz) — / PO(T/) % gasympt(_[ —T')d‘['.
T1



SPIRAL STRATEGIES FOR BLOCKING FIRE 41
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. o 4 ;J/

Figure 19. The kernel m(z, %, 1) with @ = @ — 0.1 (green), @ = @ (orange), a = @ + 0.1 (blue),
and its oscillations about the asymptotic expansion of m(z,7;,1) for 7, € [%, 1].

In particular, it is blowing up exponentially for a > 1, decaying exponentially and oscillating for a < 1 and in the
critical case a = 1 we have the asymptotic linear growth

—Cc2rn+a)Ty _ e—é(2n+d)12

2\e
m*YPPY (T 71, 75) ~ (ZT+ 5) —

C
5 [ECr+a)T) +1]e 5@ AT _ 627 + )Ty + 1] CRT+DIT2

+
— +0(e” "),
C

with sy the first non 0 eigenvalues.

Proof. Integrating

T2 5 g 2 + '
m(r,71,72) ~ / @n+@e O (20 1)+ 40D Jar
T1

2 Q2r+a)tr _ 2r+a)T2 _ .
= (21+—)/ e_wda—z/ ge do+0 (e T
2r+a)T; 2r+a)T
2
= (21’ + —) —
3 c

e—§(2n+d)11 _ e—é(2n+d)rg
5 [+ )T + 1]e S@T+AT1 _ (627 + )Ty + 1] e CCT+DT2

2

+
+0 (e 0T,
which is the statement. g

Remark 3.21. In the original variables r, ¢, by (3.12) the kernel G(¢) is computed as

G = g zﬂ‘i —)e
_ f (1)K geotl@p-ak (27'[(/‘:(1 -k* . ( ¢ k)
=0 k! Ol on + a

_ i (L 1)k eor@@-rrak (P~ 2T+ k)"
= klsin(a)k

]I[O,oo) (([) -2n+a)k),

where we used (3.11). We recall that this means in distributions

G(gb—. 2r+a)) +d
sin(a)

G(¢) = cot(a)G(¢p) —

0-

In the original variables r, ¢ the Cauchy problem with source (3.20) corresponds to

rip-2n—a)

() = cot(a)r () — sin(a)

+ iy, ) (3.21)
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and the solution is

M, b, p2) = e

1 $2 )

2n+a’ 2n+a’ 2n+a

Iy - Cr+a)k)’
_1f got@(@P=h1-Q2rt+a)k) (p—¢p1—( Ly s (-1 — (2 .
I;)[zzzl( Se O'sin(a)* cot(a)*+1-¢ [0,00) (¢ —p1 — 2 + a) k)

0
- ¢ cot@@-gr-@r+ark) (P = P2 = 2+ a)k) o
Z( Ve - £1sin(a)* cot(a)k+1-¢ Tjo,00) (9 — P2 — 27 + @) k)
.\ [ecos(a)(d) p1—-2r+a)k) _ 1+ - [eCOt(a)((P*KPZ*(ZnJra)k) g

cot(a)

Remark 3.22. The following differential relations are elementary, but used very often in the next sections: we
will thus collect them here as reference.

Derivative of g, G: it holds

d 0
d‘[o o

d
E[%og(T—To)] = al07,8(t —79)| — [07,8(r —To —1)]
07, 8T —T0) =07y —agT—79) +8r—109—1).
Similarly for G
(069 -g0-2n-a)]  d__
sin(a) d(b b0’

G(p—¢po—2n—-a)

sin(a)

15 19m 60— 00| = cor(@ (04,610 - )] -

64)0 G — o) = —04)0 —cot(a)G(¢p— o) + (3.22)

Derivative of m, M: it holds

d

e (07, m(z,71,72)] = a[0;, m(z,71,72)] = [0, m(T,71,72)] - @7 + @) e “FTH DT,

—c2r+a)Ty

07, m(1,71,72) = —2n + a)e gr—11),

[0, m(1,71,72)| = @07, m(T,T1,72)] — [0, m(T,71,72)| + @7 + @)™ CCT V720,

dt

—c2n+a)To

0, m(1,71,72) = R+ @)e gt —12).

Similarly for M

(09, M, p1,¢2)]
sin(a)

[0, M(, p1,42)] = =G — 1), (3.23)

99, M, p1,¢2)]

sin(a)

[% M(¢, 1, $2)] = cot(@) [0, M(p, 1, ¢2)| - .

d¢

[6¢2M(¢> $1,¢2)] = cot(a) [0g, M(¢h, 1, ¢2)] - £y,

d¢p
[0, M (b, p1,2)] = G(p— ¢po).

For the sake of completeness, in the critical case a = @ we give the asymptotic expansions of G(¢ — ¢p¢) and

M((/); (I)l ) (,DZ) .
Corollary 3.23. When a = & the following expansions hold

Mg, 1, ¢2) =2 l:fﬁiﬂi¢ ¢nd@¢”@+@u)¢J)

Proof. Itis an application of the asymptotic expansions for g(r) and m(z,11,72). 0
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3.2.4. Length of saturated spirals. For later use, we now compute the length of a saturated spiral, namely the
quantity

¢
(g(d)) _ / G(()b ) (P / (T )ec(2n+a)(r +1)dT (P =Q2n+a)T,

satisfying the RDE
G(p-2n—a) N H(p)

d _
—% () = cot(@)¥4(¢p) — sin(@) sin(@)’

ae

obtained by computing the expression %

(3.24)

T L g (¢p), where H(¢p) is the Heaviside function

0 x<0,

H() =
w-{0 5

In terms of T we will write also
T
a(r) = / g(T/)eC(2n+a)(T/+1)dT/.
—00

Using the formula
4

x e* (x")k k e x
-1k dx' =Y (-1)¢ ,
/0( P = Y

we obtain the explicit formulas

1+ Z( 1)] cot(a@)(p-(2r+a)k) (cot(a) (¢ ]('Zﬂ +a)k))/ 0.0 (p— (27 + @) 0.

9=y

= cos(@)k+1

For the kernel M (¢, ¢1,$2),

T 7T po+2m+5+AP
M(¢,¢o+2ﬂ+§,¢o+2ﬂ+§+ﬁ¢)=/ Gp-phdy'.

P4
$o+2m+ >

we have with simple calculus

Y M@ 192 G(¢>’—¢>”) "o
/0 sin(a@) / [/1 /<J>z sin(a) “sin@) 49 d¢

¢$- </J1 b2 ¢ G "

sm(a)

2 2n+ )( ) r+a)( ) !

_ (ZSTI;;) [/ T+@) (T-11 _/ T+@) (T—T ]/T g(-[’_T”)eé(2n+d)(1,_rn)d‘l',d‘l'”,
0 0

where we have used the change of variable ¢ = (27 + @) 1. Recalling the definition of ¢4(¢) and defining

¢ T T 7 ) .
& (1) :/ ‘5(({)’)d(b’ —Qr+ a)/ %(T')d‘[’ = Qr+ a)/ / g(T/_TI/)ec(2n+a)(T -7 +1)d‘[’d‘[",
0 0 0 JO

(o] 1 _
B(p) = kz_om{ —(p—-2r+a)k)
k l
Y c 7 (cot(@)(p— 2+ a)k))
+ z ot@ [ —1+ 2 (- 1)[ ot(a) (p—R2r+a)k) $- 7 ] }H¢2(2n+d)k(¢)-
J= !

we obtain thus

;L o ~ P ¢
d¢' = (6T -11) - 6(1-12)), n=ora 2 onra

/“’ M, p1,¢2)
0 sin(a)

Finally by (3.24) we obtain

(3.25)

d B G(p-2nr—-a) max{0,¢}
a0 Q5(</>) cot(@)B(¢) — Sn@ + prav
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4. EXISTENCE OF OPTIMAL CLOSING BARRIERS AT A GIVEN ANGLE

One of the difficulties we face when studying this problem is that the optimization problem (1.6) may be
empty (which is actually what we want to prove for o < ¢). Aim of this section is to give a different minimization
problem (Definition 4.3) on the set of admissible spirals with the following property: if the minimum is 0 or
negative then there is a spiral which is blocking the fire spreading.

Let Z be a given admissible spiral strategy, let L be a large constant and let ¢y, be some rotation angles
with 0 < ¢pg < .

Definition 4.1. The set of admissible continuations «/s(Z, o) is the set of admissible spirals that coincide with
Z up to the rotation angle ¢, can be prolonged to the rotation angle ¢ and have length uniformly bounded by
L.

Remark 4.2. In the previous definition the parameters L, ¢ do not appear in the notation </s(Z, ¢y) because, if
there is a blocking spiral, then L and ¢ can be chosen so that it belongs to «/s(Z, ¢q).

The parameter L is needed because we need some compactness when using the angle variable ¢ in the rep-
resentation of the spiral: clearly L — oo suggests that we are not blocking the fire. An estimate of the parameter
L can be done by using the saturated spiral of Section 3.1, which is always admissible, but not optimal: in
particular there is at least on L such that the set «/5(Z, ¢by) is not empty.

In Section 8 we will construct explicitly the optimal solution, thus obtaining also an estimate on L: we remark
that it will have a longer length than the saturated spiral. This spiral is optimal among all other admissible
spirals, and then the parameter L will not play any role in the minimization problem below.

Definition 4.3 (Minimization problem). We consider the following minimization problem:
min{r;(), Z € s(Z, o)}, (4.1)
where (15 (¢), ¢) is the angle-ray parametrization of the spiral Z.

Aim of this section is to prove that there is an optimal spiral for the problem (4.1) (for some L > 1 fixed), and
to construct the optimal solution in the case ¢ < 27 + g + (o).

One of the main ingredient is a compactness result in <fs(Z, ¢py). This compactness is independent of ¢bg, in
the sense that o/s(Z, ¢bo) is a closed subset of «/s. Hence we state it for the latter: this is slightly more technical
because of the presence of the initial segment, where the angle-ray parametrization degenerates. It can be
clearly adapted to become an independent proof of the existence of an optimal admissible spiral.

4.1. Study of the minimization problem. Given the control parameter 5 : [, ) — (0, Z] with the convexity
condition (3.6), the corresponding spiral is obtained by solving

Dr=cot(B)r L' -Ds, r0=ry=1, 4.2)

where s™(¢) is constructed according to Proposition 3.5, i.e. at the previous round. The initial segment is
[(1,0), (r9,0)], which we assume to belong to the initial given spiral arc: we will see that it is not the optimal
solution.

The set where the functions f(¢) can be chosen is the intersection of the two sets

T obafpe(0.]] v >00p 1200145 @ <1}

{B:voe [0,43](,&((/)) =145 () +7(p) -
The first set is the set of admissible spirals, while the second means that the solution to (4.2) is a spiral, that the
spiral is convex, and that its total length is less than L. The condition

€1
o Bl@)

is hidden in the requirement that the total length is bounded and the curve arrives at angle ¢ > 0, see Proposi-
tion 3.5.

d¢p <oo

Proposition 4.4. Consider a sequence of B" (¢p) and initial segments [(0,0), (r(;’, 0)] such that

ﬁ”(—:(o,g], D" +120, /Oe !

B ()

d < oo, 4.3)



SPIRAL STRATEGIES FOR BLOCKING FIRE 45

and let {" be the spiral constructed by Proposition 3.5 by solving (3.3). Assume that L({(") < L and for alle > 0
there exists 6 > 0 such that

@) =6 VYoe (e, p—e¢). (4.4)
Then there is a subsequence (not relabeled) such that " — B, r'* — r in LI(O,(ﬁ) and{" — ( in WI'I(O,QB), with
{0 -1+LQ <L.

The uniform positivity of " implies the curves {" are not converging to a curve which closes before the
angle ¢, thus making the angle-ray description meaningless. For the fire blocking problem this ¢ could be
every angle before the minimal angle for which there is a blocking spiral.

Proof. We start with a series of compactness estimates. At each step we will extract the corresponding converg-
ing subsequence: we will often avoid relabeling the subsequences.

Step 1. The total variation of 8" is uniformly controlled by
_ T _
Tot.Var.(8",[0,¢]) < 5 +2¢.

This follows from the one-sided Lipschitz condition D" +1 = 0 and § € [0,7/2]. Hence, being " € [0, %]
bounded, we can assume that 8” — 8 in L'(0,$): moreover the points where it is not convergent are the dis-
continuity points of 8, which form a countable family.

Step 2. Having finite length, it follows that the final points (r{,0) of the initial segment are compact, and then
ryt — ro. This is not in general the final point of the initial segment, because {" may add additional intervals to
this segment.

Step 3. The unit vectors (" rotate monotonically about 0 for a total angle < ¢ + 7, so that the measure second
derivative of (" satisfies

-7
ID*¢" < p+ 7
Hence we can assume that {"* — { in W'1(0,¢), and also D?*{" — D?{ weakly on (0, §).

Step 4. Since {* — { in L'(0, ), the monotone function ¢ — s~ (¢p) converges in L' (0, ) to the corresponding
function ¢ — s7(¢p): indeed s (¢p) — s (¢p) in every point ¢ where the latter is continuous. In particular
Ds™" — Ds~ weakly in the interval (0, ). Observe also that Tot.Var.(s™", [0,¢]) < L.
Step 5. By the length formula (3.2), using the one-sided Lipschitz condition (4.3) for 8" and the fact that r" (¢)
is uniformly positive for ¢ € (6,(5 —¢€) by (4.4) and bounded above by the L+ 1, we conclude that there exists
€' > 0 such that " (¢p) = ¢’ for all ¢ € (¢, — ). Hence
1 1

sin(f"(¢))  sin(B(¢)

Since for ¢ € [0,27] it holds r"(¢p) = 1, we also conclude that

1 1

sin(B™) T sin(f)

in L' (e, —¢), Ve > 0.

weakly in [0, — 5], V6 > 0.

Observe also that
cot(B™).L — cdg +cot(B).Z'  weaklyin [0, — 5], V5 >0,
because cot(f) ~ Wl(ﬁ) when B\ 0.
Step 6. Consider now the ODE (3.3): since
D" +s7™ =cot(fHr" =0, 1=r"<I,
it follows that
Tot.Var.(r", [0, p]) < 2L.
Hence also r" — r in L} (0, ¢).
Step 7. The ODE (3.3) passes to the limit as
Dr=cot(B)r L' -Ds”, ¢e(0,9),

where we observed that s™"(¢p) = 0 for ¢ € [0,27). It remains to analyze the initial data, where a Dirac’s delta
can accumulate.
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Using the estimates of Step 5 for ¢ — 0 and that s™" = 0 in the first round, we can compute
) = r(;lefo cot(p.L1
Passing to the limit we obtain
r(¢) = (rged)els <P 2",
so that the initial segment for the spiral is [(1,0), (rge€, 0)].
Step 8. Finally, we show that the limit curve ( is represented by the limit r(¢p). First one observes that from
dstn" r"(¢)
dp  sin(p" (@)
and the convergence of &=7m ﬁn) of Step 5 and of r”, it follows that s*'" converges uniformly in (8§, ¢ — 6).
One then passes to the limit

CM(sH@) =T @) + (e,
obtaining that for #!-a.e. ¢
LT (@) = (s~ () + (e
The remaining ¢ are obtained by taking the limit from the right (we want r(¢b) to be right continuous) and the
angle ¢ is obtained by taking the limit ¢» ,/ ¢: we are using D{ = e’? D(s™ +r) + 1e'®r, which gives that the limits
exist because D(r + s7) € L (and the curve is Lipschitz).
Step 9. In this last step we just verify the length estimate: again using the convergence estimates of Steps 5, 7
and 8 we obtain
rd=1+s""P) — (o€ —1+s(¢),

so that the length bound depends continuously. 0
We single out the convergences we obtained in the proof.

Corollary 4.5. Under the assumptions of the previous proposition, we can extract a subsequence " such that:
(1) the functions B", r"*, s™" are uniformly BV and converge in L' (0, ) to B,r,s™;
(2) the functions s, r" + s™" converges locally uniformly in (0,) to s*,r +s~;
(3) the spirals {"* converges in W1 (0,¢) to a spiral {, corresponding to the angle-ray representation r with
control angle B;
(4) the time function u is converging locally uniformly in the setR*\{ ([0, }) if r () > 0, otherwise converges
locally uniformly in the open set Up( (s~ (¢p)) + e (0,r(¢)).
Hence the admissibility functional <f (¢p) for {" converges to the admissibility functional for { for all ¢ > 0.

In particular, if " are admissible, so it is .
Proof. The convergence of the admissibility functional follows from the uniform convergence of s*", r” + s~
We now study the convergence of the time function u. By the uniform convergence of {”, it is enough to
study the behavior of u in each round, i.e. the convergence of the time function (2.11) when the region S’;
is bounded by a simple curve converging in W'! (the case after the last round (where u has to be computed
outside S) can be easily be handled in a similar way). The weak convergence of D?{" implies that the map

x={"(s"(x))

= (s™ ()l
converges pointwise, and then locally uniformly. By repeating this reasoning for the finite number of rounds
we obtain the statement on u. 0

x— s"(x) such that €07 ¢"(s"(x)) and ("MW (" (x)), x) = @

We can now state the main theorem of this section.

Theorem 4.6. Fix a rotation angle ¢ = ¢y and a length L sufficiently large. Then either there exists an admissible
spiral in f5(Z, (o) blocking the fire before or at ¢ or there exists an admissible spiral { such that r(¢) is minimal
among all admissible spirals of length bounded by L.

Remark 4.7. In the main theorem of the paper we will give an explicit form for the optimal spiral, which is
independent on the parameter L, so that in particular the length L where to search for the minimum can be
explicitly estimated.
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Proof. If there is an admissible spiral blocking the fire before or at ¢ there is nothing to prove. Otherwise
consider the number

inf{r(®) = ¢(s* (@) - (s~ @], € € As(Z,po) .
Notice that the set is not empty if L > 1, since it contains the saturated spiral of the previous section, whose

length is bounded by (@9
If this number if 0, then there are a sequence of admissible spirals {” such that

(TP =T () — 0.
Hence by the convergence of Corollary 4.5 it follows that up to subsequences (" converges to a spiral such that

l. () - (¢ =0)
d)l/rgof(s (@) ={(s™ ()

so that it blocks the fire at ¢.
The same reasoning proves that there exists a minimizer ¢ if the minimum is strictly positive. U

In the next sections we will address this optimization problem, and construct explicitly the optimal solution
for spiral arcs corresponding to the first round after ¢y.

4.2. Study of the distance function u. In this subsection we study more carefully the time function u: we recall
that the time function u is given by
u(x) = min{L(y),y admissible}.
In this subsection we will prove that u is locally convex in R? \ Z. This follows from the structure of Z, which
is a connected curve. The normal to the level set is Vu(x) = ¢'?®, where ¢(x) is the angle of the optimal ray
passing through x. Moreover, the radius of curvature of the level setis x—{(s™ (¢)), i.e. the distance of the point
x from the last point where the optimal ray touches the spiral.
We will prove these properties in Lemma 4.8 and Lemma 4.9.

Lemma 4.8. The function u is of class C'* and locally convex inR?*\ Z. If
XL (@D +e (),
then B
Vu(x) = X=C(s7 (@) =t(x), Vzu(x) = ;n(x) ®n(x), a.e. x,

lx—C(s~ (@) lx— (s~ (@)
withn(x) = t(x)*, t(x) € 0~{(s™ (x)).

Moreover V2 u is locally BV with jumps on the directions where Z is flat, corresponding to the points where the
radius of curvature |x — {(s(x))| has a jump: more precisely

n(x) ®n(x) 2

lx = (s~ (@I

)

DV2u(0)t() = [¢x)- D |ne@neo = -

)
[x = (s~ ()]

1 1
——— | In(x)®n(x) - ————  (t(x) ®n(x) + n(x) ® t(x) 2.
IX—C(S_(QD))I)] IX—C(S_((P)I( )
Proof. All statements follow from the computation of the formulas for Vu and V2 u. Moreover, we can assume
that { is smooth with s — e'® smooth with Lipschitz inverse, and then pass to the limit, because of the conver-
gence of s (¢) as in Corollary 4.5.
In this case the function u is computed by the formula

DV2u(x)n(x) = - [n(x) -D(

u(l(s) +é(s)r) =1+s+r.
Differentiating one has
Vu- &) +{enis) =01 = Vuls)+{s)r) ={(s),
which gives the first formula, and
VZu:{(s)® ({(s)+{(s)r) + Vul(s) =0,
VZu: () +n e ) +{()r) +Vul(s)+ { (1) =0,
which, together with

. . . 1
Viurls)els) =0, {(9): L) ==
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gives the second formula, with R local radius of curvature of {.
Taking one further derivative one obtains

neon
0, Viu=- 5
’
nen 1,. ..
0 V2u=0—— =—~({*en+nelt),
r r
We thus obtain
3 neon
Viu-t=-— >
’

3 [ — _i
Vu-n= zhen 2(t®n+n®t).
r r

Using that t = e and

dp_1 ., _ds
ds R~ d¢’
1 t(x) R
\Y = — _ ,
(|x—((s*(<p))|) = @P  x=C @Y

we get the formula in the statement, because when % is singular then 6(s) is continuous and thus also both
t,n are continuous there. O

Corollary 4.9. The level sets of the minimum time function u are €' curves, with second derivative BV,

Proof. Let x(v) be a parametrization by arc length of the level set u = const. Then differentiating uox(v) = const,
under the assumption that v — e'? is Lipschitz with Lipschitz inverse we obtain

Vu-xv)=0 = x()=n,

Vuiix 54Vui=0 — Fo-— 1
lx={ (s~ ()]
X :V(— ;)n: Et— 2,
lx—¢(s™ (PN r3or?
which gives the statement as in the previous proof because V2 u is locally BV. O

4.3. Construction of the curve of minimal reachable points for the first round. In this section we will con-
struct the optimal solution to Theorem 4.6 in the following situation: the spiral Z = {([0, S]) € /s is fixed up to
a rotation angle ¢, and we will assume that the angle ¢ in Theorem 4.6 belongs to the first round after ¢y, i.e.
it satisfies
0<¢p—po <21+ (¢o).

This constraint is easily explained: we optimize r(¢)) whenever the choice of S(¢p), ¢ € (¢o,P), is not having
influence on the behavior of Z afterwards. In other words, we do not need to care about the delay behavior of
the ODE, since s~ (¢) is assigned by the fixed part of the spiral.

In this situation, the only constraints we have to abide are the monotonicity of u o {, the admissibility and
the convexity of the curve: these two constraints are sufficient to determine uniquely the solution. Indeed, the
optimal solution will be made of at most these three parts, in sequence:

¢ an arc of the level set of u passing through {(¢y),
e asegment,
e an arc of a saturated spiral.

These components are connected by requiring to be tangent at the junction points, and determine a family
of convex curves. The curve of the end points ¢ — l=¢ (¢) is the optimality curve, i.e. for each angle ¢ the
value r(([_)) (i.e. the length of the last segment of the optimal ray) is the minimal value of r in Theorem 4.6, and
the corresponding sequence of (level-set arc)-(segment)-(arc of saturated spiral) is the unique optimal barrier
achieving the minimal r(¢). The optimality curve determines a non-admissibility region, where no admissible
barrier can be constructed, namely the region

{¢ @)+, r@ne?, pe o+ 0,21+ (@00}
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r(o + 27 + (o))

Figure 20. The magenta line is the level set of the time function u passing through {(¢y),
the green line is the set 2 where all the points are saturated. It divides the region
into the admissible and the non admissible part (gray). The yellow curve is the
optimal solution for the angle ¢ > ¢,: it is made by an arc of level set, a segment
and an arc of the saturated spiral.

Definition 4.10. The set 2(¢) of minimal reachable points (Figure 20) is the set of end points of curves made
of a piece of fire level set {u = u({(¢))} plus a tangent segment to the level set: all the points on these curves
should be admissible, should not cross Z and the last point of these curves must be saturated (meaning that
o (R) =0).

It is possible that none of the points on the fire level set ¢ = u N (u (o)) is saturated, which means that
an admissible strategy is to construct a wall on the whole level set ut (4l (¢o)): in this case there is no starting
point of the curve %(Z ). We thus assume that there is a point (a), a = 0 is the arc length parametrization, such
that
L (10, o)) + L(E([0,aD) L ([0,¢h0]) + a

o B o '
which is the saturation condition. Clearly such a point is unique, see Figure 20, and will be the starting point of
the curve %.

To construct this curve 2, we will write the tangent in each point. Let x be a point in £, let [{(s™ (x)), x] be
the last part (a segment) of the optimal ray (with x— s~ (x) being the map to the initial point of the last segment
in the optimal ray), and [{(a(x)), x] be the segment part of the admissible curve (again a(x) is the point on ¢
whose tangent passes through x), with respective length r, b: more precisely, using the same notation for the
subdifferential for the convex curve ¢,

x=0©)+r{ () =&@+bE' (@), {(s)€07L(s), ' (@) ed ¢(a).

The first equalities express that x belongs to the optimal ray and the half-line tangent to ¢, and the second
equality is the tangency properties of the rays.

We will also denote with u; the solution to the Eikonal equation with barrier { and value u({(¢)) = 0, which
is explicitly given by

u (@) = ul(po)) =

uz(&(a) +bé'(@) =a+b.
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_,—--------. r

- R .

¢ ={u=const}

()

Figure 21. Construction of the curve R: the curve is made of saturated points when the spiral
is prolonged by an arc of the level set and the blue segment. The last admissibility
point is when R is tangent to the saturated spiral, and after that point it is not
admissible.

We recall also that the function u is computed similarly as
u(s)+rf(s) =s+r.

Define also the vectors

x—={(s) x—¢(a)

p— - 7 — J_ — . _ X=ola) _ J-
t(x) =Vu(x) = o) nx) =t-, t(x)=¢(@ i@’ ne () =t
We first consider the curve
R= {x: u(x) - ug(x) _ L&, ¢o)) }
o o

This curve coincides with Z if all the points in the segment &(a) + (0, b)¢’'(a) are all admissible. By definition
the points in R are saturated, in the sense that the admissibility functional < is 0.

Proposition 4.11. The tangent curveR in x € R is given by

n(x) £ (X)
r(x) = n;x)
In(x) - =—|

oriented according fo uoR, ug oR increasing.

With this orientation, the angle Z(t,r) is decreasing in the admissible region, and the last admissible point x4
of R corresponds to the slope of the saturated spiral starting from that point (i.e. it forms an angle a with the
optimal ray of ). After this point the curveR is not admissible, in the sense that the segment & (a) + (0, b)¢' (a) has
points outside the admissibility region (i.e. o/ <0 on some point of the segment & (a) + bé' (a)).

Finally, the curve is convex in the direction of r* in the admissible part.
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Proof. Using the explicit formula for the two solutions of the Eikonal equation with barrier ¢, ¢,
uS)+rd'(sN=s+r, us&@+bé'(@)=a+b,
the admissibility functional takes the form

AX)=s+r1— w = const + u(x) — cos(a) ug (x) = 0.

Differentiating and using Lemma 4.8 we obtain
Vef =t-cos(a)te,
and then, being the points of R saturated,
(Vu—cos(@)Vug) -r = (t—cos(a)t) -r =0,

with r = r(x) the vector of the statement (the tangent to the curve R), and this gives precisely the first formula
in the statement up to the orientation.

We compute the derivative of uoR:
(t-ng)

-

g
which is positive because of the orientation of the vectors (see Figure 21). The case when t | ng means that the

lines are parallel, and then R — oo, which is impossible for o > 1. Similarly,
(tz-m) (t-ng)

(ugoR)' = =— >0,
In—-ng/o| In—ng/o|

(uoR) = —cos(a)

as the saturation condition requires. This concludes the first part of the proposition.
In the starting point on the level set u™1({(¢pp)) we obtain n; = —t, so that the vector of the statement be-

comes
n+cos(a)t

= In+ cos(a)t]”
In particular the initial angle Z(r,t) is greater than a. In general, in the fire frame (t,n) the position of n —
cos(a)ng is contained in the circle (0,1) + {|x| = cos(a)}, and the minimal slope is when r = ¢'*. Writing the
derivative of (Vu - Vug) oR explicitly one gets by Lemma 4.8

nen ng ®n,
((Vu~Vu5)0R)'=rT—t5+rT%t
r
3 t;-n (l—cos(a)n'ng n-ng—cos(a))
B In—cos(a)ng| r b

b

3 t;-n [(1 cos(a)

1. cos(a) N 1)]
~ In—cos(@)ng| L\r b ’

) - ((Vu-Vug om)|

The quantity
1-cos(a)n-ng; n-ng—cos(a)
r b
is positive for b < 1, because n-n¢ \ 0 as we approach the starting point, and whenever this quantity is positive
the vectors t, t; are approaching, which means that r- t decreases. Note that at the minimal angle

1-cos?(a)
—>0
-

so this behavior is valid up to the last admissible point x4. This proves the first part of the second statement of
the proposition. In the point x5 we have thatr || t;.

After the critical angle, the vector t; moves counterclockwise having derivative o< ng(ng - n - cos(a)), which
means that we are going to take values of the parameter a (the starting point of the segment from the barrier
ul (u((¢ho)))) already used. However the gradient of the admissibility functional satisfies

(Vu-Vug)oR)' =

)

Vef =t-cos(a)te,
and thus for directions with angle > a
Vo -te =t-tg — cos(a) <0,

because Vu - Vi is still increasing. Hence in this part of the curve the functional is not admissible. This con-
cludes the second part of the proposition.
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R

Figure 22. The three cases of Theorem 4.12: in the first picture all level set ¢ is admissible,
and then for every angle = ¢ the optimal solution is an arc of the level set; in the
second case all curve R is admissible, and then the optimal solutions for points
on R is an arc of ¢ and a segment; in the third case for large angles the minimal
point lies on a saturated spiral, and the optimal solution is an arc of ¢, a segment
and an arc of saturated spiral.

We are left to prove that R is convex. The second derivative of o along v gives

rIvV2esr = o -rr)z —cos(a) (¢ Lk
1 (1-cos(@n-ng)*  (n-ng - cos(a))?
- In—cos(a)n¢|? ( r i b )
) . n-ng - cos(a) (1-cos(@)n-n; —n-n; +cos(a)) > 0
In— cos(a)ng¢|? b g g |

where in the last line we have used the estimate on ((Vu-Vu;) oR)’ > 0 in the admissibility region. Hence the
curve is convex in the direction of rt. O

Using the above proposition, we construct the optimal closing curve as follows, see Fig. 22.

Case 1:

Case 2:

Case 3:

the level set 1™ (1({ (b)) of the time function is always admissible, ending on a point of the spiral Z.
In this case for all angle ¢ = ¢ the optimal closing curve will be the level set, and the optimality curve
Z is the level set itself.

there are non admissible points on the level set: thus we can construct the curve R, and this curve
remains admissible until it touches again Z.

In this case, define the optimality curve as

Z = {x: u(x) = ul (Po)), < (x) > 0} UR.

For each angle ¢ = ¢ there is only one intersection of { (s~ (¢)) + re'? with the above optimality curve
Z (being R transversal to t by the above proposition). If the intersection occurs along the level set, then
the optimal closing curve is the arc of the level set; if it occurs along the curve R in the point &(a) + bé' (a),
then the optimal closing curve is the arc [{(¢g), € (a)] of level set plus the segment [¢(a), & (a) + bé' (a)].
in this case the admissible part of the curve R ends in the final admissibile point xg), where its tangent
makes an angle a with the fire direction t.

Define the optimality curve by

R ={x:u(x) = ul(Po)), s (x) >0} U{x €R, o (x) = 0} U {saturated spiral starting from xg}.

For each angle ¢ = ¢y, if the intersection of {(s™ (¢)) + re'® with Z occurs on the arc of the saturated
spiral starting from xg, then the solution is the optimal solution as in Case 2 above up to xg (i.e. an arc
of the level set plus a segment ending in xy), and then the arc of saturated spiral ending in the angle ¢.
The other cases (i.e. when the intersection occurs before ) are treated as in the previous point.

Theorem 4.12. The curves constructed in the three cases above are the unique solution to the minimum problem
considered in Theorem 4.6 for ¢ € [¢g, P + 27 + B~ (o).

Proof. The proof is based on a contradiction: if an admissible spiral crosses the optimal solution given in the
above Cases 1,2,3, then it is not admissible or not convex (Figure 22).
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Fix an angle (/_), and let f () =L(s () + f(gb)e"l’, ¢ € [¢o, (ﬁ] be the optimal solution candidate constructed as
in Cases 1,2,3 above. Let { (¢) = { (s~ (¢)) + F'(¢p) e'? be another admissible spiral solution, and ¢ be the last angle

for which 7(¢p) < 7(¢p) for ¢ € [¢ho, Pp].
The convexity assumption of ¢ yields immediately that

LE (P, D) < L ([P, P1),

and then this crossing cannot occur in the saturated part of {: indeed in this part f(¢) < a is forced. By the
monotonicity assumption on o, the only part where { can cross ¢ is along the segment part of {.

The second observation is that { cannot cross R in the admissible region: indeed, it is fairly easy to see that
the shortest path from ((¢p) to a point in R outside {u < u({(¢po))} is the solution constructed in Case 2 above.
Hence after the crossing the spiral ¢ would not be admissible by Proposition 4.11.

Hence, the only situation to be studied is the following: the spiral Z crosses the segment (¢(a), xg = ¢(a) +
b¢'(a)) in some point %. Considering the region delimited by {u = u({ (o))} U R U [E(a), xq = é(a) + bE' (a)], by
convexity of { and the above observation the curve { can only exit along the segment (& (a), xg). This contradicts
the convexity of {. U

Remark 4.13. The argument of the above proof is that the shortest admissible convex curve for ¢ € [¢pg, po +
21 + B (¢po)) is the one constructed in Cases 1,2,3. Since it is possible to prove that, in the range of angles
considered here, the optimal closing barrier is convex, then the above statement is valid for generic simple
curves such that z is monotone along the curve.

Remark 4.14. Itis important to notice that the time function u used to compute the barrier is fixed, i.e. it does
not depend on the barrier we are constructing after ¢po: indeed the choice of ¢ € [y, o +27m+ B (o)) gives that
we are only using the optimal rays leaving the spiral { ([0, ¢]) to construct the next arc of the spiral, and thus
the rays are assigned. When we go above this angle, i.e. after one single round, then the choice of { at the first
round impacts the behavior of u in the next. We will indeed see that it is better to make { longer at the previous
round in order to have more time at the next. This is easily explained by observing that if we increase the length
of { by L we gain a time L, i.e. we can construct a barrier with length oL > L at the next round.

5. A CASE STUDY: THE FASTEST SATURATED SPIRAL

In this section we consider as initial data for the saturated spiral the solution considered in Theorem 4.12,
namely an arc of the level set of 1, a segment and the saturated spiral, where the initial fire set is the ball B, (0),
a€ (0,1). The case a = 1 is the previous case of Section 3.1.

The aim of this analysis is twofold: on the one hand it is not clear if with this "optimized" initial data the
spiral will close after some time, on the other hand the solution constructed here will be the fundamental block
for the analysis of the general case. Since the spiral we construct is the spiral which becomes saturated before
any other spiral, we call it the fastest saturated spiral. We are not asking the question of its optimality here.

The construction speed we consider in this situation is the critical speed ¢ = Wl(a) = 2.6144.. (Corollary
3.10). The results proved here will be valid also for any other o < ¢: more precisely, in the critical case the
spirals diverges exponentially like ¢e’?, being A = ln(szi’;:r‘g) = 0.27995... the only real eigenvalue of the RDE,
and above the critical case it diverges like e*1?, being A, the greater real eigenvalue.

According to Cases 1,2,3 above Theorem 4.12 with ¢ = 0, the firefighter constructs a spiral Z, (a being the
radius of the initial burning region B, (0)) starting from a point Py = (1,0) with the following structure: it is the
union of

(1) acircle (the arc of the level set of u, in some cases consisting of a single point),
(2) asegment of endpoints P; (a), P»(a) tangent to the circle in Pj (a) such that the point P, (a) is saturated,

1
o (P2(a)) = u(Pz(a)) - EL(PZ (@) =0,

where L(P»(a)) is the length of the spiral Z, up to the point P;(a),
(3) asaturated spiral starting in P, (a).

The relevant quantities determining the exact structure of the spiral barrier are the following:
 the length of the arc of circle
PoP(a) = Aa,
where A¢, is the angle opening (remember that the level set u passing by (1,0) is dB; (0));
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Py(a)
Py(a)

-r)fil: I:l.[]} | .

a Pila)= Py =(1,0)

Figure 23. The two cases with a € (0,sin(@)) and a € [sin(@), 1].

» the length of the segment in the arc case (see below)
|P2(a) — P1(a)l =cot(a), [P2(a)l=——F,
sin(a)|
where we have used that by convexity and admissibility the segment is tangent to the saturated spiral
in Py(a), i.e. Z(P2(a),P2(a) —P1(a)) = a;
¢ the saturation condition at P, (a), which can be written now as

1 1 1 cos(a)
U(Pz(a))—TL(Pz(a))Z(.—_—a)—T(A¢a+ = ):0

o sin(a@) o sin(a)
1

Zos@ the last equation becomes

Using ¢ =

(5.1)

) cos(a) _
—a|—-—— =tan(a) —
sin(a)

Aqba:(i(

Depending on the value of the initial radius a of the fire initial position, we have the following situations (see
Fig. 23).
Arc case, a < sin(@), i.e. A, > 0: then the angle at the origin corresponding to the segment [Py, P5] is 0, = 7 —

sin(a) cos(@)’

a.
Segment case, a = sin(a), i.e. A, < 0: then P;(a) = Py = (1,0), and the tangency and saturation conditions for
P5(a) give
1 sin(@, + @) 1 sin(6,)
(IP2(a)l ~a)~ Z|Pi(a) = P2(a)| = ————~a~———— =0.
G sin(a) o sin(a)

Using again % = cos(@) we obtain
T
cos(@y)=a, 0O € [0, 5 a],

because a € [sin(a), 1].
The main result of this section is the following

Theorem 5.1. For any value ofa € (0,1], the spiral Z, does not confine the fire: more precisely, the spiral diverges
exponentially as

~C(Apa+F-a) = —e@n+ %) _ —en+ G +Ada) . _& n L
e —e M _¢ e —cot(@)e ¢@T2+A%) 0 <a <sin(a),

Fal@) ~2¢pe®P <  sn@ ) . —eGnt0ara
sin@a+@)e 2 _gog) _ sin(@,)e c@rtbatd) o
sin(a) e SIn(@ sin(@) <a<l,
being ¢ = In(252) given by Corollary 3.10.

The proof of this theorem relies on a careful application of Lemma 3.14.

Remark 5.2. We will call the spiral Z, as the fastest saturated spiral: indeed it is the spiral which becomes
saturated as fast as possible (i.e. at the smallest angle) and remains saturated from that angle onward. In the
next section we consider the same problem when the initial configuration is an arc of a fixed barrier { Lpe[0,¢]-
In both cases we will use the math accent tilde will denote the fastest saturated spiral.



Proof of Theorem 5.1. We analyze separately the two cases A¢, >0 and A¢p, <0.
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Figure 24. Here f; is made by an arc, a segment and a saturated spiral.
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Case A¢, > 0. This case is described in Figure 24. We remark that from (5.1) we find that A¢, € (0, tan(a)], the
largest possible arc-length being

Ao = tan(a)

corresponding to a = 0. We will denote by 7, the radius of the spiral 7. in the fire coordinates of Theorem 2.11,

when we need to underline the dependence w.r.t. a, otherwise we will use just 7 to lighten the notation.

Step 1. We compute the first rounds:

for ¢ € [0, A¢p,) we have
Fa(p) =1;
for ¢ € [A¢pa, Ao + 7 — @) we have that
1

Fa(g) = m,

in particular we call

K1(@) = Fa (A + 2 — ) = :
! 2Ty sin(@)

the final distance for 0;
for ¢ € [Ap, + 5 — @,27) it holds

a _ B L
%ra(tp) = cot(a)Fa(¢p),

since the spiral is saturated, giving
Fa() =x1(a) R
the radius 7, has a jump at ¢ = 2,
Fa(2m) —Fa@m—) = -1,
in particular we denote by

K2(a) = Fa(2m) = k1 (a)e

cot(@) 2m—F +a—Ada) _ 1;
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o for ¢ € 27,27 + 7) it holds

a _ B L
%ra((p) = cot(a)Fa(¢h),

therefore

Fa(h) = K2 (a) eCCU@ @2 _ [Kl(a) U@ @ +a-Ada) _ 1] peot(@(p-2m),

¢ define ]
k3(a) =Ty (271 + —) = Kz(a)e% cot(@),
2
o forp e [2n+ 5,27+ % + A, the radius 7a(¢) satisfies
d

%ra(tp) =cot(a)ra(¢p) — 1,

whose solution is
Fa() = k3 (2)e® @ @218 1 tan(g) (1 - D @-21-));
o the radius 7, has ajump in ¢ = 27 + 7 + A¢pa:
_ b 4 ~ T .
Ta (271 + > + Aq)a) —Ta (271 + 0 + A(pa—) = —cot(a),
and also here we will introduce the quantity
7 . _
Ko@) = Fo (27 + 3+ Agpa) = e @ ey (@) + tan(@) (1 - e @2%) — cot(@);

o finally, for ¢ = 27 + 7 + A¢b the function solves

2 i) = cot@r,g) - 28212
d(,bra ¢) = cot(a)Fa(Pp Sin(@) .

Using the kernel G(¢)), M (¢, ¢1,$2) of Remark 3.21, the solution can be written for ¢ = Ag, + 7 — @ as

1 - - -
Fa(d) = mG((P —¢o(@)) — Gl —21) — M(¢, p1(a), ¢p2(a)) — cot(@)G(¢p — o (a) — 27 — @), (5.2)
where the angles are given by
o) :Agba+g—d, br(@)=2m+ g F2(a) = Po(a) + 2T+ @ :A(pa+2n+%.
We can translate the solution by ¢ = ¢ — ¢ (a) obtaining
N : T 3 _ s o
) = 5o GO =Gl + 5 = P1@) - Mg, 012,27+ @) - col@ Gl — 27 - @), (5.3)
with .
¢1(@) =21+ ) — Qo =27+ a—A¢P,.

Step 2. The next step is to optimize the solution w.r.t. a: this is done by taking the derivative w.r.t. a of the
solution and using the linearity of the Delay ODE. We use the relations (3.22), (3.23) and
d 1

E(pl - cos(a@)

because of (5.1),

we obtain that
Glp+F-pr1-2n-a)
sin(@)

T
aafa((p): —0_%+¢1—C0t(d)G((p+§—(pl)+ +G((p_(p1) X

cos(a)
We have thus to study the function

F(y) = cot(a)G( )——G(w_zn_d)—G( —z) —p+Z_g
v = v Sin(@) Vo) vEeT T
which is the solution to the RDE for the saturated spiral
d ., = . Fly —2m— @) _ O2n+a
v F(y) = cot(a) F(y) Sin(@) +cot(a)0g D% Sin(@)
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‘ ‘ ‘ L tau B -
1.2 14 1.6 1.8 2.0 2.2+ Faco (0) €77

s 6 8 10 2 14 phl
Figure 25. Plot of the function (5.4) for 7 € [1,2] on the left an_d of the first two rounds of the
function 7,-(¢p) (Equation (5.2)) multiplied by e~%%.
In terms the function §(7) = #((27 + @)1)e @7 *®7 the RDE becomes
e*E(ZHer)g(T_ 1) . 72_I
5(7) = cot(@) (1) — 8T gy , 5.4
which is the solution to the RDE for the saturated spiral
d i or e~tRT+dy,
wp(r) =p@) —p(T -1 +cot(@dg—e "20 _n__ — ein@

A numerical plot of the solution for 7 € [1,2] is in Fig. 25: we notice that it is strictly negative together with
its derivative, and from Lemma 3.14 we deduce that p < 0 for all 7 = 1, corresponding to the angle

¢=4n+a, becauseofthemapt— ¢=@2n+a)r+27.

For the first two rounds, a numerical plot of 7, (¢b) as function for (¢, Ap) € [A¢p + % —a] x [0, tan(a@)] shows that
the solution is strictly positive (and actually decreasing w.r.t. A¢,, i.e. increasing w.r.t. a), see Fig. 25.

Step 3. From now on we will assume a = 0, therefore A¢ = tan(a): a numerical plot of the function a—q(¢)e ¢
is in Fig. 25. We observe that the function is strictly positive and increasing in an interval larger than 27 + @,
and then by Lemma 3.14 we deduce that the solution is positive for all ¢.

Case A, < 0. This case is described in Figure 26. We will prove that the worst case is for a = sin(@), which
corresponds to A¢, = 0 in the previous analysis: hence again the worst case is for a = 0, as shown above, and
the spiral does not close.

The approach is completely similar, the only variation being the missing initial arc.

Step 1. We compute 7, (¢) explicitly for the first rounds. We call 8, = 0, +a € [0, Z1as the slope of the segment
[P1(a), P2(a)]:

o for ¢ € [0,0, — @l we have that
() = 20

sin(@, — ¢)

and we call _
sin(@a)

sin(@) ’

K} (@) = Fal0a— @) =
o for ¢ € [0, — &,27) it holds

d
%fa((/ﬁ) = cot(a)7a(dh),
which gives )
Fa((P) — Kll (a) eCOt(d)((P*Baiﬁi);
 the function 7, (¢p) has a jump at ¢ = 27,
Fa(2m) = Fa(2m—) = -1,
and we set -
sin(6a) ecot(d)(Zn—éaHi) _1

! 1 _
Ky(a) = Fa(27) = Sin(@) ;
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Figure 26. Segment case for the fastest saturated spiral.

o for¢e[2m,2n+ 6,) it holds

d 7 — - ~
%ra((p) =cot(a)Fa(P),
so that

fa((p) = K/Z (a) eCOI(d)(([)—Zn);

e in ¢ = 27 + 0, the function 7, has a jump, computed as

_ _ . é =
a2+ 6) — Fa27 + By -) = — 02— 4)
sin(a)
and we call )
Kb (8) = Fa (21 +0,) = Ky (2) @02 _ sin. 3,
sin(a@)
o finally, for ¢ = 27 + 0, the function solves
d _ o Falp—2m—a)
— = cot o
o Ta () = cot(@)Fa(¢h) SIn(@

As before, by using the kernel G(¢) of Remark 3.21, the solution can be written for ¢ > 0, — @ as
sin(6)
sin(a@)

sin(@, — a

oo oz 3 o ) I R T
Fa(p) = G(¢p—¢o(a)) - Glp—2m) Sin(@) Glp—dola) -2m-a),

where the angle ¢ (a) given by
$o(@) =0, —-a.

Step 2. Taking the derivative w.r.t. 8, and using (3.22) we get

Fa() = a Fa(h)
a _dG a

a

_ (cos(Ha) B sin(6,) cot(c‘x))G(gb— o)
sin(a@) sin(a@)
( sin(0,) 3 cos(@,—a) sin(@,-—a)
sin(@)? sin(@) sin(@)
sin(@, — @) _
——F——Gp—Po—22n+a))

cot(d))G(d) —po— 27 +@))

sin(@)?
_ _sm(@a— a) (G((,b_(,b()) —2COS(C_¥)G((P—¢O -QCrn+a)+ G((,b_QDO -2+ d)))

sin(@)?
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10 g(t) - 2 cos (@) ef(zma) g(r-1) +efo(27T+§:\ g(t-2)

2/
tau

Figure 27. Plot of the function (5.5).

The latter function, when rescaled by p (1) = 7 (¢ + (27 + @) T) e~ @™+ ¥7 js proportional to

—c(2n+a)

g(1) —2cos(@)e g(r—1)+e 260 g7 _2), (5.5)

The numerical plot (Fig. 27) shows that it is positive and strictly increasing, hence by Lemma 3.14 we conclude

that Zga <0, so the worst case is 0, = %, which corresponds to the arc case when A¢, = 0.

Asymptotic behavior. For a € [0,sin(&)] the solution is given by (5.2):

1
sin(@)

Fa(p) = G(p— Po(a)) — G(¢p — 2m) — M(¢p, P71 (2), P2(a)) — cot(@) G(¢p — o (a) — 27 — @).

Using the asymptotic expansions of Corollary 3.23, we obtain that the coefficient in front of the principal term
pe? is

26_6(2)0 B (I_>2 _ -
—___ _2¢7C@M _ / 2e~P dpy —2cot(@)e 2,
sin(a@) é

which is the first case of the asymptotic expansion. The other case is completely similar. O
5.1. An estimate on the length of the fastest saturated spiral. We conclude this section with an estimate on

the length L of the fastest saturated spiral when a = 0. Writing the solution (5.3) with A¢, = tan(a@) in the
variable

P(T) = Faco (o + @+ @) T)e ST h0(0) = tan(@) + g —-a,

we obtain
1 o m o
(1) = sn@ g(1) — e @Ay @) g _ 71y (1, 79,1) — cot(@)e “CT Vg (7 — 1), (5.6)
where
7 +tan(a) tan(@)
ni=l-=—"—">—" T2=1- .
2n+a 2n+a

Using the definitions of g(7) and &(r) and that

~ _ — ¢ fa:O ((yb,) I
La—¢ =tan(a) + cot(a) + /(/)O md(ﬁ » G =do,
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p(t) -2.08L(t-1)
p(t) -2.08L(Tt-1)
1.6 0.6792]
1.4 0.6790 |
1ol 0.6788
/ 0.6786
1.0-
0.6784
o8y 0.6782
‘ ‘ ‘ R ‘ ‘ ‘ ‘ L tau
1 2 3 4 5 36 38 40 42 44 46 48 50

Figure 28. Numerical computations of the function (5.8), with a blow-up about the mini-
mum.

we thus have that the length of the spiral is

I _a+tan(a)
0 <t
@rn+a)T+7 —a+tan(@) —?g;—JﬁlWS <—2€,;d,
Lazo(r) = { tan(@) +cot(@ - 27 + @)7) —22 <7<0, 5.7)
_ _.. 8@
tan(a@) + cot(q) + -gr—-71
@+ o+ S 8™ 720,
- (BT -12)-6(-1))—cot(@g(r—1)
The first terms take into account the initial arc and the initial segment.
Proposition 5.3. It holds for ¢ > tan(a) + 5 - a
Faco(h) = 2.08Laq(p— 27T — @) = 0.67 @ AN@ -3 +d)
Proof. We numerically compute the function
T— p(1) —2.08e CCTHITL (7 1), (5.8)

which is the rescaling of the function in the statement: Fig. 28 shows that the function has a minimum > 0.67
for 7 € [3,4] and it is increasing for 7 € [4, 5].

In order to apply Lemma 3.14, we write the equation for r—2.08L. By using the equations for ¢4, &, Equations
(3.24) and (3.25), we have that the ¢-derivative of L(¢) for ¢ = ¢pg is

d - B - _ Lazo(@p-27-@)
T La=o(¢p) = cot(@) La=o(¢p) — sn@

H(p—tan(@) - 5 + @)
sin(a)
max{0,p — 3} — max{0,p — 3 — tan(a)}

sin(a@)

+ (tan(@) +C0t(d))5g—a+tan(d) + - H(¢p—-2m)

_ S -
- cot(a)H((/J -3 - tan(a)).

Recall that H(¢) is the Heaviside function. Hence for ¢ = 57” + tan(@) we have

A 6) = cOl@) Lumg (@) — 0@ =28
d¢p a=0(P) = a=0(¢p @) L
where
Sy = 1 1 —tan(@) — cot(@) = —2.7473 < 0. 59)

sin(a)
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Hence for ¢ = tan(a) + % —a+22n+ a) we have
d - -
% (Fa=0(¢p) —2.08La=¢(¢p — 2 — @)) = cot(a) (Fa=0(¢p) —2.08 La—o(¢p — 27 — @))
3 Ta=o(p—2m— ) — 2.08Za:0(¢) —2Q2r+a)) _s
sin(a@)
> cot(@) (Fazo () — 2.08 La—q (P — 271 — @))
_ Fazo(@-27-a) - 2.08La-0(¢p— 227 + @)
sin(a) )

L

Hence in terms of 7 we obtain
d I oy
- 2.08e CCTHAOTL (1 -1)) = (p(1) —2.08e CTHIT] (1 -1))
—(p(r—1)—2.08e DTV __ (7 _2)),
so that Lemma 3.14 and Remark 3.15 can be applied. U

Remark 5.4. The asymptotic constant for the length should be
fa:O ((;b)
Lao(p-2m—@)

obtained by using F.—¢(¢)) ~ pe°?. However for this exact value we cannot use Lemma 3.14, obviously.

~ e°Csin(a@) = 2.08884, (5.10)

6. A DIFFERENTIABLE PATH OF SPIRALS

Let{(s), s€[0,L]) with L>1,bea given admissible spiral. In this section we construct a family of admissible
spirals (s;sp), s € [0, L], with the following properties:
(1) for s€ [0, so] it holds Z(s; s0) =C(s);
(2) in the first round starting from L (s0), the spiral £ (s; s0) is the spiral given by Theorem 4.12;
(3) after the first round, the spiral Z (s; so) is the saturated spiral.
We call each spiral Z(so) = {([0,L];so) the fastest saturated spiral starting from sy. The map sy — Z(so) de-
fines a path in the space of admissible spirals, connecting the fastest saturated spiral of the previous section
(corresponding to ¢ (s;0) = {a=0(s)) with the given spiral Z = ([0, s]).
If we denote by ¢ = (s*)"!(sp) the starting angle of the above construction, then the first round is deter-
mined by
Po=Pp=¢o+p (¢o),
In the following we will write both f (5 80), 7(+; so) and f (;¢0), 7(:; o) to denote this admissible family of spirals,
and the argument - can be either the arc length s or the rotation angle ¢.
It is immediate to deduce the following lemma.

Lemma 6.1. The family of spirals {(s; so) satisfies the following properties:
D (L =(0);
(2) {(s;0) is the fastest saturated spiral construgted in Section 5;
(3) if s belongs to the first round starting from {(so), then the solution is given by Theorem 4.12;
(4) after the first round, denoting with 7(¢; so) the angle-ray representation, we have
d _ o Flp—2m+ a; o)
L H = t H - . - -
¢ F(¢p; s0) = cot(a) 7 (¢h; so) Sin(@)
Since the construction of Theorem 4.12 is explicit, the last point above yields that the family is completely
determined, up to computing the solution in the first round after sy and solving the saturated RDE.
The main result of this section is to prove that this family is C'-w.r.t. the parameter sy: more precisely, we
will show that the limit of the incremental ratio
F(¢p; so + 6s0) — F(; So)
580

exists outside a finite set of angles ¢, and it satisfies a precise RDE, which allows the explicit computation of
the 67. The dependence on the base spiral { appears only in two real parameters describing the initial data
of 67, allowing to write its explicit form with computations similar to Section 5: more precisely, the form of

OF(p; sp) := i
F(¢h; s0) 5%?0



62 STEFANO BIANCHINI AND MARTINA ZIZZA

Py 8

Figure 29. Analysis of perturbations for the segment case.

the RDE satisfied by the perturbation is very similar to the RDE satisfied by the solution r(¢) or its derivative
dia r(¢p) considered in Section 5, and will be studied with similar techniques. In particular, depending whether
the non-saturated part of the fastest closing spiral at the first round is a segment or is an arc+segment, the
derivative takes different form, and we will study them separately in two different subsections, Subsections 6.1
and 6.2: these derivatives coincide at the transition point between segment and arc.

Remark 6.2. We remark that the segment case can be recovered from the arc case when the initial level set
is just one point, see Remark 6.12: however we believe that it is simpler and very instructive to perform the
analysis in the segment case, so that we present it in the next subsection.

We anticipate also that out that 67(¢; so) is not positive in an initial interval of the second round, and thus
it cannot be optimal for some angles. Hence to prove Theorem 1.12 we will need an additional perturbation of
the last round: we address this fact in Section 8.

Since in the last round we have already the explicit form of the optimal closing solution (Theorem 4.12), we
can assume that { makes at least one round after ¢y, so that there will always be a saturated part.

6.1. Analysis off(s; So) - Segment Case. The assumption on f((/); o) is that for ¢ € po+[0,27+ 7~ (o)) itis made
of

« asegment [Py, P,] where Py = {(so) = { (s} (¢0)), followed by
¢ asaturated spiral with f(¢p) = @.

The spiral 7(¢, sp) will then proceed for all angles ¢ = ¢ + 27 + (o) as a saturated spiral, i.e. f(p) =@
constant. Following the notation of Step 1 in Case A¢, = 0 of the proof of Theorem 5.1, we will denote by 8 the
angle

— . T
0=/, [P, Py) e [O,E].
The case 0 = Z corresponds to the transition between the segment-case and the arc-case.
Due to uniqueness of the construction, the same structure (i.e. an initial segment followed by a saturated

spiral) holds for the spiral 7(¢b; so + 8 50), starting from the point C(so+6s)if 85y < 1and b < %, i.e. there will be
an initial segment

[P1,Py] =[Py +6P1,Py+ 6P,
with the angles
sT(P)) = sg (o +O¢po) = 5o+ 550, 0 =0+80=2(e'%, [P}, Ph)),

followed by a saturated spiral. The analysis of this section refers to Figure 29.
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Since the spirals are convex and there are no smaller admissible convex spirals for the first round (¢ €
[0, o + 27 + B (o)), by the convexity of the level sets of u one deduces that

0<6p=p"(s0)<h, a<9,
where the second is due to the fact that the point {(so) is not saturated if P; # P,. We will denote by 6 the angle
0=0-06,.
We compute now the variations up to second order terms w.r.t. Js¢:

6P1 :550el(¢0+901y 6¢0=M'
(o)

8Py =8Py +8|Py — Py|e" @00 4 |p, — P60 P0t0+3)
= 550" @0+ 1 5|, — Py[' @D 4 |p, — P50 P0+0+D),
Since the point Pé is saturated, we obtain
0 = u(P)) —cos(@) (6o + | Py — Py| + L(Py)),
where L(Py) is the length of the spiral up to the angle ¢¢. In particular, observing that Vu(P») = e”‘PWé—m,
0= e'@+0-0 . 5p, _ cos(@)(8so+61P2 — Py )
=859 cos(@ — Oy — @) + 6| P, — P1| cos(@) — | P, — P1|60 sin(a@) — cos(@) (8o + 8| P2 — P1])
=6sgcos(@—0) +6|Py — Py|cos(@) — |P> — P1|60sin(@) — cos(@) (8 sy + 6| P2 — P1),

where we recall that v-w denotes the scalar product of v,w € R?. We thus deduce that
|P, — P1166 _ cos(@—0) —cos(a@)
§so sin(a) '

(6.1)

Imposing that the angle at P, with the optimal ray is equal to the critical angle @, we deduce that P, corresponds
to the angle ¢, + 56, where ¢, = ¢ + 0 — @ is the angle corresponding to P in the angle-ray representation for
7(¢; o). Hence, imposing this relation we obtain

r(¢2)69 — el(¢o+0_—d+%) 5P2
=0sgsin(a@—0) +6|P, — P1|sin(a) + | P, — P1166 cos(a),
so that using (6.1) we conclude that

S|Py —P1l 1) 66 __cos(@) —cos(@—0) sin@-a)
- = =cot(a) — +—
080 sin(@) §sg sin(a) sin(a)

_ cos(@)? - cos(0)
- sin(@)?
1—cos(0)
sin(@)?
To compute the perturbation 6 7(¢; sp) for ¢ = ¢p», we observe that f(¢p) = @ in this region, so that, denoting
with R(¢) the radius of curvature of the base spiral r(¢), one obtains

Lemma 6.3. The RDE satisfied by F for ¢ = ¢pg +0 — @ is

p R(¢) po+0—a=d<do+2m+p (o),
——F(¢h; so) = cot(@)F(¢h; So) —{ 0 Po+27m+ B (o) <P < po+2m+6, (6.3)

d¢ 2 g
Py = P10y g+ g = o +27+0.

(6.2)

Proof. We have just to compute the radius of curvature, since = & fixed. Formula (6.3) follows easily, observ-
ing that if 87 (sp) < 0 then there is corner in the spiral 7(¢; sp) whose subdifferential is

0™ F (o3 s0) = {e'?, p € o + (B~ (¢b0), 01}
The jump at ¢ + 27 + 0 is due to the segment [Py, P»], corresponding in a jump in s~ (¢) at that angle. O

In the next proposition we compute the RDE satisfied by the derivative 67 (¢; so) w.r.t. o, for angles ¢ >
(b() +0-a.
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Proposition 6.4. For ¢ > ¢y = g + 0 — &, the derivative

7 (b; o +059) — F(¢; s0)

e
oTpisn = Jum,

58()
satisfies the RDE on R
d SF(p—2m—a
2G0T (is0) = cot@Or o) - % +S(; 50),
with source
__1-cos(0)
S(h; s0) = COt(a)Sin—@D¢o+é_d = 0y +27+6o
cos(6) — cos(@)? cos(@—0) - cos(a) _,
—_D 5+ N — n’
sin(@)? Po+27m+0 sin(@) $o+27m+0

where?d' is the distributional derivative of the Dirac’s delta?.

Proof. We compute first the variation of the initial data of (6.3): observing that the spiral 7 (¢; so) is saturated at
¢» and hence its tangent vector is '@*? one has up to second order terms for ¢ close to ¢

e100+0-3) . 5p,
F(dsso+0s0) —Fhssp) = —————

sin(a)
sin(@) |P2 - P1|59
=080 —~——— —
sin(@) sin(a)
=05y cot(d)—1 _,CO?(H) )
sin(a@)

which gives the first jump at ¢pg + 0 — @.
Being R(¢p) the same up to ¢ + 27 + 0, the RDE for 67 is actually the ODE

d
%&(gb) =cot(@)07(¢h)

for g + 0 — @ < p < g + 27 + 0.
Using R = Ds™, the variation at ¢ + 27 + 0 is

7(¢p; So + 850) — F(¢h; S0) = cot(@) (F(¢h; so + 5 So) — F(h; 50)) — (87 (p) — s~ (¢ + 27 + 0p))
= cot(@) (7 (¢p; so + 8 50) — F(¢h; S0)) — 8 So.

Hence 67(¢; so) has a jump of size —1 at the angle ¢pg + 27 + 0. From (6.3) it follows that

d
%&((p) = cot(a@)07(¢h)

for ¢ + 27 + 0y < P < o + 27 + 0.
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At the angle ¢ + 27 + 0, computing the first order approximations for 0 < ¢ — ¢y + 27 + 8 < 1 one gets up to
second order terms

7(¢p; o + 859) — F(¢p; S0) = [f(¢o +271 +0; 59 + 050) + cot(@) F (o + 27 + 0; 5o + 550) (P — o — 2 — 0)
=Py = P{I(1+cot(@) (¢~ po — 271~ 0 —60)) Uy g 7450
_ Flgo +6 — ;50 +850)
sin(@)
- [f(<p0 + 27 +0—; 50) + Cot(@) F (o + 27 + 05 50) (p — po — 271 — )

~ 1Pz = P1|(1+cot(@ @~ o —2m =)y 19005
7 (o + 0 — @; s) -
- —(p—pg—271-0
dn@ @ %om2m )|
= (F(¢po + 27 + 0; 50 + 8 50) — F(po + 271 + 05 50)) (1 + cot(@) (p — po — 2 — 0))
_ To+6— ;50 +850) = Flepo +0 — & 0)
sin(@)
(o + 0 — @; so)
sin(a)
For the above formula, we have used that the jumps | P, — P; | are in different angles and that the curvature term

- %&?S") is applied starting from different angles.

Passing to the limit § sy \, 0 we obtain

@ po—21-0-060)]

(p—po—21—0)

+ (_ 61Py— Pyl + ) p=go+2n+0 T I1P2 = Pillliy o0 15 60 soms450):

87 (g +6 — @; sp)
sin(a@)

SF(; s0) = 87 (¢po + 27 + 0 50) (1 + cot(@) (p — po — 21 — 0)) — (b —po—27—0)

N 81P2 = P1l | Figho+6 -5 50) 56
480 sin(@) 4o
Hence its derivative w.r.t. ¢ satisfies

) dzpo+2n+0 T |P2— P |5_Soa¢o+2n+é-

iﬁf((b; o) = cot(@)OF (¢; o) — OF(¢p—27 - & o)

d¢p sin(a@)
1P, —Pi|  Tlpo+0—a;s0) 56 50 _,
+(_ 5so + sin(a) 5_80)04)“27”9-'-|P2_P1|5_500</>0+2n+9’
where 0’ is the derivative of the Dirac’s delta:
df(x)
Ly =— )
@ f) dx

Using (6.1) and (6.2) we obtain

8Py =P1| | F(po+0—a;50) 56 _ cos(@—6) —cos(@) _sin(6 - a)

0y sin(@) 5sy ot(a) sin(@) sin(@)
B cos(0) — cos(@)?
B sin(a)? ’
00 cos(a—0)—-cos(a)
|P2— Pyl — = — .
dso sin(a)
It is now easy to verify that the derivative 67 (¢; S0)Lgp+i-a satisfies the RDE in the statement, since in the re-
maining part of R it solves the linear RDE of the saturated spiral. O
Since _ _
sin(9) - 230 =D —€0s@ _ @)1 - cos®)) =0,

sin(a@)
it follows that the perturbation is positive for ¢ € [, o + 6 — @], and it is given explicitly by
sin(@) — |P(¢p) — P1| cos(@ — ) — cos(@) ),

OF(h;s0) = ————=—— —
Figiso) sin(¢0+9—¢)( | P2 — Pl sin(a)

where P(¢) is the position of the point on [P;, P2] corresponding to the angle ¢ € [0y, 0y + 0—al.
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Corollary 6.5. The solution 57 () for ¢ = ¢y = P +6 — & is explicitly given by

o _1-cos(® _
0F(¢) = cot(a) WG@ Po—0+a&)— G(p— o —2m—0q)
1—cos(0) _.cos(a—08) —cos(a) -
1- n@e Heot@ @ |Gp 27— po - )
cos(@—6) —cos(a) cos(@ —6) —cos(@) _
sin(@) ¢=21=o=0 sin(@)2 G@—4m—6-a),

where G(¢) is the Green kernel for the RDE.
Proof. The formula follows from Remark 3.21. g

To proceed further, we rewrite the RDE translating ¢y + 6 — @ to 0 and then use the new variable
Sp(1) =87 (po+0 — @+ (2m + @)1; 59) e CETAT (6.4)

Corollary 6.6. The values of the perturbation 51 (s; so) depend uniquely on the angle = 0 — 0, € [0, 2], and the
function 6p () of Equation (6.4) is given explicitly by the formula

0
0p(1) =Sog(m)+ 818t —11)+ S28(t - 1)+ D0 +S38(1—-2), 1,=1- i’ (6.5)
with

50(6) = cot(a) =259

sin(a)
S,(0) = —e~C@T+a=0) _ _ sin(@) o0
2n+a
5,(6) = (1 B 1 —'co_s(f) ot(@) cos(@ —'6) _—cos(d) )e—é(2n+d)

sin(a) sin(a@)

_ sin(@) 1-cos(0) cot(a)

“rra @rr@sin@ *anq 0@ 0 cos(@)

cos(@—0) — cos(a) o C@md) _ cos(a@—0) — cos(a)

b@©) = sin(@) 2n+a
S3(0) = — cos(@ —0) —cos(@) _zun+2a) __cos(a- 0) —cos(a)
sin(@)? 2r+ a)?

We remark that we have used Equation (3.11) to replace e~ CRm+A) yith %

The study of the sign of 6 p given by (6.5) is done in the next proposition, which is the main statement of this
section concerning the segment case. For completeness, we let 0 to vary in [0, 7].

Proposition 6.7. The solution 6 p(t) = dp(t,0) is strictly positive outside the region

0
2n+a

Nocgm = {1- <7=1,0=0<0}u{9=0juir=1,0¢2a 7} <Rx[0,7],

where the angle 0 is determined by the unique solution to

1-cos(d 5 5 d A
cot(@) Wa()) —emot@@ra-0 _ g Hejo,n]. (6.7)
Moreover, as T — oo, the function 6 p (1) diverges like

—CT
lim 2P0

T—00 T

=2(So+S1+S2+853), 2(So+S1+Sz2+S3) €0%(0.08,028).
A numerical computation gives the value (see Fig. 30)

6 = 0.506134. (6.8)
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COt(@ (1-€05(0))  corm 2rms - o

sin(a)

e theta O
: : 1.0 70

Figure 30. Plot of the function (6.7) on the left side, and of the solution (6.9) on the right
side.

Proof. We start by observing that for 8 = 0 the coefficients (6.6) are all 0, so that the solution (6.5) is 0. Hence
{0=0}c Nsegm-

Step 1: computation of the first round.
For 7 € [0,1) the solution is explicitly computed as

p() =Spe" +S1e" M lynr, =€ (So+ S1e” M ). (6.9)

The solution 6 p is thus negative only when 7; < 7 < 1 and iff

1-cos(0) B sin(@) e 1

So+S1e7 " = cot(@) —— ~ et ma)l-1 <,
sin(a) 2n+a

which is (6.7). This gives the angle #: indeed the function

0 — f(0) = (1-cos@®)e " a0 — (1= cos(6)) e~ @0

has first derivative
cos(a@—0) —cos(a) o COL@0
sin(&)

£6) = (sin(8) — cos(@ (1 — cos(B))) e~ U@ = >0 if0>0,

because @ > 7, and
_ T\ —cot@Z
fO)=-1, f(z)—e 350,

Hence there is only one zero for f, and numerically one obtains the value § = 0.506134, see Figure 30.

op(1,0)
02

Step 2: the function
Fort =1[1,1+7;)itholds

is strictly positive for T € [1,1 + 11) and increasing w.r.t. T.

Sp(1) =Dy +Sp(e" —e" 1x—1))+S1e" T+ Se"

Elementary computations show as before that since & >

_ cos(a—0)—cos(a)
B 2n+a

and in the interval 6 € [0, 7] the only 0 is for 8 = 0 which corresponds to D = 0.
When 1 <7 <1+ 1) the positivity of §p depends on

f0)=So(e—T+1)+ 8171+ Sy,

<0 < 0Oe{0lul2a,nl,

whose worst caseisfort=1+177:
fO)=S8p(e—11)+ 51 el Ty So.
Near 0 = 6, we have the expansion

fO = (C.L@(e—l)— _1 _ cot(@) co_s(d)) (6 —00)?
sin(a) 2m + @) sin(@) 2T+ @
2
~ 0.582367% +0(6%),

+06%
(6.10)



68 STEFANO BIANCHINI AND MARTINA ZIZZA

Figure 31. Plot of the solution § p(r;6) and of EL?B) in the segment case for 7 € [1,2). Notice

0
that the discontinuity for T = 7; becomes here a discontinuity in the derivative in

1+ 11, and this is the reason why 6p ~ 6 as 6 € [1 + 71,2). In the next step we will
have 6p ~ 0% in [2+11,3).

so that we consider the function
6p(t,0)
02 "’

A numerical plot shows that this function is increasing w.r.t. 7 for all fixed 6, and its minimal value is

') =

0<sfO<ml<st<l+T1].

f',m) =0.17959.

Step 3: the function # is strictly positive and increasing for T € [1+11(60),2), and diverging near 6 = 0.

For 7 € [1+11,2) the solution is
Sp() =So(e” - e (- D)+Si(e ™ - eI (r 11— 1))+ Sset L.

Again numerically the function
op(r,0)
02
has a strictly positive derivative w.r.t. 7, and it is strictly positive, with minimal value at

f@,0)=

f+711,7m) =0.226635.

We compute the expansion at = 0 finding

6p(r,0) =

sin(a) 0
(T—2+ ),
2n+a 2n+a

so that f is diverging as % asf—0andr = 2—52”"%&,66 [0,1].

Step 4: for T € [2,3] the function 5p(t,0)/6? is bounded and strictly positive.
The solution in this interval is written as

_ 2
dp(t,0) = So(eT —ela-D+ eT_z%)

(T-2-11)2 (6.11)

+8; (eT_” —e" TN (1) 5

]I122+r1)

+Sa(e" M —e" 2 (1-2)) + Sze" 2.
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6p(t;0)

gz on the

Figure 32. Plot of the function §p(t;0) (Equation (6.11)) on the left side and of
right side for 7 € [2,3).

2 (Se +S1+S2+S3)
0.25 o?
0.20f
015"
0.10"
: ‘ : : ' - theta
0.5 1.0 15 2.0 25 3.0
Figure 33. Plot of the function % for T = 3 (Equation (6.12)) on the left side and of the
r.h.s. of Equation (6.13).
Its expansion at 6 = 0 is quadratic in 8,
cot(@) _ L, (T-2)?
6p(1,0)= | ——|e"—e" Ta -1 +e" P ——
P, 0) sin(d)( -1 2 )

2cos(@)?+1

_ T-1_ 72, _
Zrramsm@ & ¢ 2)

3 - . — (ﬂ _ 1 _ )2 92
cos(f?c)2 7-2 sm(a} T30~ 2mia I, _3>_L_) Y 0.
2r+a) 2n+a 2 ZT=32"957a 2
We can thus study numerically the function
op(t,0)
f,0)=22 0z

which shows that the minimal value is
f(2,m)=0.262163.

6p(1,0)

Step 5: the function ==

is strictly increasing fort = 3.
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It is enough to study the interval 7 € [3, 4] for the function

6p(t,0)
92
and apply Lemma 3.14. The previous point, plus the fact that g satisfies

f(x,0)= (6.12)

f@O=f@)-fa@-1,

implies that it is bounded, so we do not need to study the expansion about 6 = 0.
The solution § p is written as

2 _a3
50(1,9):So(er—er_l(r—1)+e7_2 S 22) —e 3 L) )

3!
(t-2-11)% _riem (t-3-11)3

+8; (eT_“ —eT T 1— 1) e 5 3l

H123+11)

a2
-3 T3 23) ) + Sg(er‘2 —e 3 - 3)).

+ Sg(er_1 —e"2(1-2)+e

Numerical computations show that

aT(Sp(Trg) - 6T6p(3)7[)
CE
and since the solution is continuous in the closed interval and positive at T = 3 from the previous point, we

2p7.6) é;’e) is strictly increasing in 7, see Fig. 33.

=0.142304,

conclude that
Step 6: the asymptotic behavior. By using Lemma 3.18, the solution behaves as

i 5p(z,0)e cmrar 5 500) + 510 +S,0) +S3(0)
Tl—glo 102 92 ’

(6.13)

and numerical plots gives that the function is decreasing w.r.t. 8 values with (Fig. 33)

So+S1+S+S
0.0816077 < 2% <0.278936. O

6.1.1. Estimate on the length for the fastest saturated spiral 5r(¢; sp), segment case. In this section we study the
functional
OF(¢; s0) —2.085L(p—2m + a;59) when ¢=2m+a, (6.14)

where we denote with § L the variation of length: more precisely, for angles larger than ¢ + 0 — & the spirals are
saturated so that

- ¢ A
5L s0) = -0, / T
¢

sin(@)? o+i-a sin(@)

The first term is the due to the computation

1+61Py— Py - —2 55 = 1-050)
sin(@) sin(@)?
by (6.2).
Using the explicit expression of §7 of Corollary 6.5, the length 5L can be written by
- 1-cos(0) _.1-cos(0) _
OL(¢p;80) = ———— (@) ————YG(p—po—0 —-4G(p—po—2m—0
(h; s0) Sin(@)? ot(a) Sin(@) (p—po—0+a)—4(d—po—2m—09)
1—-cos(0) _.cos(@—0) —cos(a) -
- —27— o — 6.15
( sin@? T o@ sin(@) )(g(d’ 21~ ¢o=0) (619

cos(@ —6) —cos(@)
sin(a)?

cos(@ —6) —cos(@)

Sn@ Gp—-An—po—0—a),

H(p—-2m—po—0)—
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0.123

0.122 r\/\//

0.121
5F-2.0856L
0.120 I e—
0.119

0.118

0.117 2 é 4 5

Figure 34. Numerical plot of the function (6.14) rescaled by e~°?, divided by #? and using
the variable 7: from left to right, the first 4 rounds, the derivative for the round
T € [4,5] and the minimal value.

where we have used the definition of ¢ (¢). The equation it satisfies is

d .. - 6Lp-21-a) _1-cos(®) Hp—po—0+a) H(p—¢po—27m—6p)
dtaL((p) = co@oL(¢) sin(a@) + cot(@) sin(@) sin(a) sin(a)
N (1 1 - co_s(B) + cot(@) cos(a —'0) - cos(@) ) H(p- 2.7[ —_(,bo —-0)
sin(@)? sin(a) sin(a)
., €os(@—0) —cos(@) d(p—27 ~ o -0) cos(@-6)—cos(@ H(p—4n—¢o—6-a)
sin(a) sin(a) sin(@)? sin(a) '

which becomes for ¢p = ¢o + 0 + 47 + @

d .- . SLp-2n—a
—0L(@) = cot@dLig) - % + 8L
= L Jeot(@ =SB0y (1 L0 gy ONA_D) 8@ _ con(@—0) —cosld)
" sin(@ sin(a) sin(a)? sin(@) sin(@)?
1—cos(a) _ o
=" om@? ((1 = cos(@))(1 - cos() +sin(@) sin(6)) < 0.

In particular we have for the same range of angles

OF(p—2m—a)—2.085L(p— 27 — @) B
sin(@)

OF(p—2m— @) —2.086L(¢p— 27— @)
sin(&) ’

4 (6F(p) —2.086 L(¢p)) = cot(@) (67 () — 2.085L(¢p)) — SL

de

= cot(@) (57(¢p) — 2.086L(¢h)) —

In Fig. 34 the numerical plot of the function (6.14) shows that it is positive, increasing after T = 4 and thus by
Lemma 3.14 and Remark 3.15 it holds

Proposition 6.8. It holds for the perturbation in the segment case
5p(1) —2.08e~CTH VTSI (1) 20.1176%, T=1.

6.2. Analysis of Perturbations - Arc Case. In this section we repeat the computations in the case that the
fastest saturated solution & for ¢ € ¢g + [0,27 + B (¢ho)) has the following structure:

o itisan arc of the level set {u = u({(s))}, starting in Py = Z(<p0) and ending in P; = f((pl) = f((/)o +A¢);

e asegment [P}, P»] tangent to the level set {u = u(Z(sO))} in P; and such that P, = Z((pg) = Z(<p1 + % —@)is

saturated;

o asaturated spiral with B(¢) = @ for ¢ = ¢.
Due to the presence of the initial arc, we call it the arc case. The analysis of this section refers to the geometric
situation of Figure 35.

We observe that for angles ¢ = ¢; the spiral has the same structure of the segment case (Subsection 6.1),

with 6 = 7, though we will show that the analysis of the derivative is different due to the presence of the initial
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Ap \ T Sy

RS
(-)U L)
Figure 35. Analysis of perturbations of the arc case, Subsection 6.2.

arc: the formulas will coincide when 6 = 7 and A¢ = 0, yielding as corollary that the derivative 57 is continuous
across 6 = Z (Remark 6.12).
Let us denote as before

T
0==-0
2 0
We compute now the variations up to second order terms w.r.t. §so:
z_ cos(6)
8Py = 850" P02 5py = 55—,
0 0 o 0
8P = F(p1)8p1 €' P02+ D) 4 55 sin(f) e PP (6.16)
5Py = 6P +6|Py — Py|e" P02+ 2) _|p, _ P15, (6.17)

By the saturation condition on P, and P, we find that
0= u(Py) —cos(@)(bso + L(PyP}) + | Py — Pj| + L(Py)),
where L(Pp) is the length of the spiral up to the angle ¢y and L(PP;) is the length of the arc PP, in particular

0= e P+A+3-0) 5P, cos(@)(Osy+SL(PoPy) + 8| Py — Py ).
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We now notice that
OL(PyPy) =65psin(@)A¢ + 7(h1)6¢1 — 65y cos(8),
so that the saturation condition becomes

0 = F(¢1) cos(@)¢py + 659 sin(0) sin(@) + 8| P, — P1| cos(a) — | P2 — P116¢p sin(a)
— cos(@) (850 + 850 sin(@)Ad + F (1)1 — §sg cos(0) + 6| P, — Py )

= §so(cos(@—6) — cos(@) — cos(@) sin(@) Agp) — | P, — P1|6¢p; sin(@),

in particular
|P, — Py fs_(f; = sin(0) — cot(@)(1 — cos(6) + A¢gsin(8)). (6.18)
Moreover, from the relations
F($2)Bcy = 5Py - " P0HAOTTE) and g, = + g —a,

we obtain 6¢p» = 6¢; and

M —08|Py— P1| = 1(1)0¢1 = cot(@)| P, — P116¢; — cot(@) sin(0)d so
sin(a) (6.19)

= —cot(@)*(1 - cos(8) + Agsin(®)).

The variation of the angle A¢ along the arc of the level set is then

60 =b6¢1—b¢o
6.20
= |Pz(5_SoP1| (sin(H)(l —cot(a)A¢) —cot(a)(1 - cos(e))) _ r(?(;(;) cos(6). ( )

The variation 6 P(¢) along the segment [P}, P;] can be computed as
8Py - €' —|P(¢p) — P116¢
cos(¢p— 1)

(sin(e)(l

6P(¢) =

3 IP(¢)—P1|) N |P(¢p) — P

Py — Py Py — Pyl cot(@)(1—cos(0) + A(pmn(@))}

1
a cos(¢p— 1)
with ¢ € (¢p1, o).
Remark 6.9. We remark that A¢ < tan &, where the equality corresponds to the situation of the case study of
Section 5 with a = 0. Indeed for such a choice
|P2 — P1]
7 (o)

unless 6 = 0 and | P, — P;| = 0. Notice that for or 7, we do not have the initial segment [(0,0), (1,0)], and this is
the reason why the limit value A¢ = tan(a) is allowed.

|Py — Py (;A_sgb = —cot(a)(1 —cos()) — cos(@) <0
0

To compute 67 (¢; so) for ¢p = ¢p», we observe that the angle B(¢) is equal to a in this region, so that one
obtains

Lemma 6.10. The RDE satisfied by I for ¢ = o+ Ap+ 5 — @ is

R(¢) Go+ AP+ 5 —a<p<po+2m+ P (o),
- . $o+2m+ P (o) <P <¢po+2m+7,
o) = s0) — 21
7($30) = cot@TPin) = 1o 1) GoromiIspsgorontIing 0D
IPz—P1|D¢O+2ﬂ+g+A¢+%(’;.)“” ¢ =po+2m+ % +Ad.

where R(¢p) is the radius of curvature of r (¢p) (the original spiral).

Proof. We have just to compute the radius of curvature, since $(¢) = & fixed for ¢ = ¢»,. Formula (6.21) follows
easily, observing that if 8~ (so) < 5 then there is corner in the spiral 7(¢; s) whose subdifferential is

0T (s 50) = {e"‘/’,¢e¢>o+2n+ [/3—(%),%]}.

For the angles ¢ +27 + 5 < ¢ < ¢ + 27 + 5 + A¢p the radius of curvature is precisely the radius of the spiral,
computed at the previous angle (Formula (3.1)). The jump at ¢g + 27 + % + A¢ is due to the segment [Py, Py],
corresponding in a jump in s~ (¢p) at that angle. 0
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Computing the derivative w.r.t. 5o for ¢ > ¢po + A¢p + 7 — @ we can prove the following
Proposition 6.11. For ¢ > ¢ + Ap + 5 — @, the derivative

F(¢p; S0 + O50) — F(¢p; So)

67 (¢h; So) = 6lim

so\0 650
satisfies the RDE on R
d of(p—2m—a
2507350 = cOU@OT(is0) % + S 50),
with source
cot(a) .
S((p, So) = (1 — COS(Q) + A(p SIH(H))D¢0+A¢+%_5L - D¢0+27{+%—9 + COS(0)0¢0+27[+%

sin(a)
_ Sln(e) H(P0+27[+%+[0,A([)] — COt(C_Z)Z (]_ — COS(B) + A(p Sin(@))0¢0+2n+A¢+%

+ (sin(0) - cot(@ (1 - cos(0) + Apsin(@))oy, 5, 2, ag-

We recall the notation
T
le =([)0+Ag[), (,b2=(/)1+§—af.

which we will use in the following.

Proof. We compute first the variation of the initial data of (6.21): observing that the spiral 7(¢; so) is saturated
at ¢, and hence its tangent vector is e"@0*29+%) one has up to second order terms for ¢ close to ¢,
~ 5P - el
OF(¢p) = “sin@
_ 680 sin(@) - |P2 - P1 |5(/)1
B sin(a@)
cot(a)

=05y Sn@ (1-cos(0) + A¢sin(9)),

which gives the first jump at ¢.
Being R(¢p) the same up to ¢ + 27 + 0, the RDE for 67 is actually the ODE

d
%&(gb) = cot(@)07(¢h)

for po + Ap+ 5 —a < p < po + 27 +0p.
Using R = Ds™ and taking 6¢p < 1, the variation at ¢pg + 27 + 0 is up to second order terms w.r.t. 6¢
Flo+2m+00+0¢p; 50+ 650) — Fpg + 21 + Oy + 6¢; o)
= (1 + cot(@)8¢) (F (o + 27 + Bo; So + 5 50) — F(Po + 27 + 00; $0)) — (5™ (o + 27 + 09 + 5¢p) — s~ (o + 27 + 6y))
= (1 + cot(@)8¢) (F (o + 27 + Bo; So + 5 50) — F(po + 27 + 00; Sp)) — 8 So.
Dividing by 95y, letting 65y \ 0 first and then ¢ \ 0, we conclude that §7(¢; sp) has a jump of size —1 at the

angle ¢ + 27 + 0.

From (6.21) it follows that

d 67 (¢p) = cot(@)OF
¢ 7 () = cot(@) o7 (¢p)

for ¢ € o + 27 + 09, 5 1.

At about the angle ¢ = ¢ +27 + 7, we can repeat the analysis for a small angle as we did at the angle ¢ +
27 + 6y above, obtaining that there is an upward jump of value cos(6), giving the source cos(0)d, +om+ T

Again, from (6.21) it follows that

d
Zpér((p) = cot(a@)07(¢p) —sin(6),

for o + 27 + 7 < p < po + 27 + 7 + A¢p, because 67 (o + 5 + [0, A¢p)) = sin(6).
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At the angle ¢ + 27 + 7 + A¢ the solution has a discontinuity due to the variation of d¢; and [P, — Py
computing the first order approximations for 0 < ¢ <« 1 one gets

f((/)0+27z+g+A</)+6([>,s0+630)—f(<p0+2ﬂ+g+A(/)+6(/),so)

= [f(<p0 +2n+g+A¢—6¢>,50 +6sO) —f(¢o+2ﬂ+g+ﬂ¢—5¢%30)] (1+2cot(@)d¢)

On s sb
—|P, — PLLH( — b + 5p1) — (5 +Sb1) Py, S + 5 50) — (6¢—6¢1)r“”;+£)s°)

F(po, So)

+|Py — P1|H(p— p2) + 6T (1, So) + 6p———— Sin@

with H(¢) being the Heaviside function. Dividing by &5y, using that §(¢p;) = sin(f) and passing to the limit
05y \\ 0 we obtain

57(go +2m+ g +0p+8¢35)

e n e _ _OT(2;80) o .
_5r(¢0+2n+ +Ap 6¢,s0)(1+2cot(a)6¢>) —intay 0= sin@3¢
.0 6I1P, =P 6¢1 S T(g2)
1P = Prl g Ogviantpeap® [ 850 550 PV B sin@ |

Hence its derivative w.r.t. ¢ satisfies

a 6F(p—2m — @; So)
(p(‘ir((/) ; So) = cot(@) 67 (¢h; so) — Sn@
+(_5|P2—P1|+f(¢2;50)% 54’1)

- ¢1
0o sin(@) &5 Fi1)

a<p0+2n+ +A¢>+|P2 P1| (/)0+2n+ +A¢’

where ' is the derivative of the Dirac’s delta:

df(x)

/ - —
0= dx

Using (6.18) and (6.19) we obtain source in the statement.
For ¢ = ¢ + 27 + a the equation is linear, and then the conclusion follows. 0

We remark that, since

cot(a)
sin(@)

(1-cos(0) + A¢sin(0)) =

being A¢ = 0, it follows that the perturbation is positive for ¢ € [0, o + 7 +A¢p—al, as the optimality of Theorem
4.12 implies.

Remark 6.12. Observe that when A¢ = 0 the source becomes

0s(@)
in(a)
(cos(@)—cot(a) 1- cos(@)))b¢0+2n+n+(sm(9) cos(a@)(1 - cos(6)))d’

S(¢; o)— (1 —cos(@))0p,+ 25— py+27+6,

po+2m+%’

which is the same as the source of the segment case. Hence the derivative §r is continuous when passing from
the segment case to the arc case, i.e. when 6 = %

Using the kernel G(¢) of Remark 3.21 we obtain the following explicit representation of the solution §7.
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Corollary 6.13. The solution 57 (¢) for ¢ = P2 = o + 5 — & + A is explicitly given by

cot(a)

sin(a)
/2 . b2 /2

+ cos(@)G(¢>— bo— 27— 5) - sm(@)M((/);(po F2ME Sigo+2n+ S+ A¢>)

SF(; 50) = (1= cos(6) + Apsin(©)) G(¢— o — Ap - g +&) -G go—2m-00)
+ (= cot(@)?(1 - cos(@) + Apsin(®))

+ cot(@)(sin(9) — cot(@)(1 — cos(0) + A sin(e)))) G(<p —po—27— Ap— g)
+ (sin(0) — cot(@) (1 — cos () + A¢sin(9)))b¢0+2n+%+ Ad

. _ . T _
~ S (SN~ cot@(1 - cos(d) + A¢sm(9)))G(¢> ~po—2m-Ap- 7 —2m~ a).

We next make the change of variables
SF(r + 27+ @)T;50) = 5p(1) T DT ) = b+ Ap+ g —a,
obtaining the following corollary.

Corollary 6.14. The values of the perturbation depend only on the angles 0 = 5 — 0y and A¢p, and the function
6 p(1) is given by

0p(1)=Sog(1) +S18(T —T1) +S28(T1 —72) + Ssm(1,72,1) + S4g(r — 1)+ D01 + S58(7 - 2),

where A+ 0 A
T1=1— ¢+_, ‘L'2=1— (p_,
2n+a 2n+a
and )
So(0,A¢) = ;"n(g) (1= cos() + A¢sin(®)),
$1(0,Ap) = —e~C2THOT _ _ SIN@ eag+0)
2n+a
520, A) = cos(@)e~ ST sin(@) co_s(@) 0.
2n+a

1
S3(0) = —sin@),  m(r,72,1) = / gt —1)e T (27 4 @)dr,

T2

S4(0,A¢) = ;‘]’:J(r“; ( —2cot(@)(1 - cos(0) + Apsin(6)) + sin(e))
D(,Ap) = ;‘i“; (sin(6) — cot(@)(1 — cos(6) + Apsin(6))),
S5(0,A¢) = —% (sin(e) — cot(@)(1 - cos(@) + Agbsin(@))).

The next result is essential for the analysis in the following sections: as in the previous case we let 8 to vary
in [0, 7], even if for spiral strategies 6 < 7.
Proposition 6.15. The function6p = 6p(7;0,A¢) is strictly positive outside the region
Nare = {0 =0 U{11(0,A¢) =T <72(A¢),0=<0 < Iy (AP)}
U{T2(Ap) =7 <1,0<60 < ha(AP)}
U{t3(0,Ad) =T <1, ha(AP) <6 < h3(AP)} U Nyes,
where the functions hy (A), ho(Ap), hs(Ad),T3(0, Ad) are determined by solving the equations
e fort) <71 <T>, the function h; (A¢) is determined implicitly by
cot(a)
sin(a)
e forty, <71 <1, the function hy(A¢) is determined by
cot(a)
sin(a)

(1 - cos(0) +sin(f) A¢) el CT+a-2¢=0) _7 _ ¢ (6.22)

(1 - cos(0) +sin(0) A¢) e CUDCT+a=Ad) _ ,cot@b 4 45(9) = 0,
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__0+A¢
2n+a

=1
a9 T=1-773

=~ T

Figure 36. The region where 67 < 0 in the arc case for 7 € [0, 1], neglecting Ny for clarity: in
addition to the plane {0 = 0}, it contains the cyanregion {0 <0 < h; (A}),T1 <T <

7,2} and the trapezoidal blue region for {7, < 7 < 1}.

e fort3 <71 <1, the function h3(A¢) is determined by
ecot(d)A([) -1

C.Ot((zé) (1 — cos(0) +sin(0) A¢) eCUDCT+a=AP) _ ocot@b  ¢65(9) — sin () ——————
sin(@) cot(a)

o the functiont3(0,A¢) =1 - szid is given by solving in the region {hy(A¢) < 0 < h3(Ad)}

t(a _ _ _ _
COUD) (1 _ co5(0) + sin(@) Adp) U@ RT+E—05) _ peotl@Bep+0-05) 1 () oD BB~ _ i (0) M(A— 030, Ach) = 0,

sin(@)
Finally, the region Ny is contained in the set

Nes ©{723,0 € (312,71, A € (237, tan(@)]} U {7 =1,A¢ > tan(@) - 1 —COS(H)}
res =9 . ’ ’ . ’ =1, = _Sln(e) .

The asymptotic behavior is given by
op(r)e” (
im =
=0 100 +Ap) 00+ AP)
The region of negativity for the arc case is depicted in Fig. 36 in the first 3 rounds: the last region is due to
the fact that the sum of the sources in (6.23) is negative in some region, see Fig. 47 below. We will not use this

—C2n+a)Ty _ e—é(2n+d)

So+S1+S2+ 83 —
(5

cT

+ S+ 55). (6.23)

region in our perturbations.
Proof. The proof will be given in several steps.

Case 0: 0 =0.
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theta theta
06r hy (86) 251 hy (89) + 26
0.5
04
03
02-
0.1-
e Deltaphi e le el Deltaphi
05 1.0 15 2.0 05 1.0 15 2.0
(a) Plot of the function h; (A¢) of Lemma 6.16. (b) Plot of the function h (A¢) + A¢ of Lemma 6.16.
Figure 37. Numerical plots of the function h; (A¢) of Lemma 6.16.
It is easy to see that in this case § p(7) = 0, so that {§ = 0} € Nyy.
Casel:t€[0,77).
Being Sy > 0 for 8 > 0, it follows that d p(7) > 0 in this region.
Case2: T € [11,T2).
The solution 61 (¢; sp) is written explicitly as
51(;50) = C?t(‘:”) (1 - c0s(6) + sin(0) Ap) OB @~92) _ (U@ P—p=2m-a+Ap+6
sin(a@)
= oot @w-dr-2m-an a0 (MDD g o) 4 gin () ag) @ a-a0-0 ),
sin(a)
The study of the above equation is done in the following lemma.
Lemma 6.16. The equation
cot(a - _
- (_) (1 — cos(8) +sin(0) Ag) e DCT+a-2¢=6) _7 _
sin(a@)
determines implicitly a convex function h) (A¢) such that
hi(A¢) < 0 unless Ap =0,
and moreover
AP — O(AP) := Ad+ hi(Ap)
is strictly increasing unless A¢ = 0 and has derivative < 1.
A numerical plot of h; (A¢) is in Fig. 37a, while in Fig. 37b it is plotted the function h; (A¢) + Ad.
Proof. Let
cot(a Z Z
£i(6,Ap) = — (_) (1 — cos(0) +sin(0) A¢p) LU CT+a-2¢=6) _ 7 (6.24)
sin(a)
Taking the derivative w.r.t. 6 we obtain
cot(a 5 5
B fi = — ( _) (sin() + cos(@)A¢ — cot(@) (1 — cos(6) + sin(§) Agp)) eOUD G +a=A¢=0)
sin(a)
_ (6.25)
cot(a)

= Sin(—d)z(cos(d —6) — cos(@) + sin(a — ) A¢p) e UV Ha-20=0),
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Deltaphi

(a) Plot of the function f; (8, A¢), Equation (6.24), in the
region [F,7] x [0, tan(&)].

S L

0.0

(c) Plot of the function (6.26).

08 0

(b) Plot of the function dy f1 (6, A¢), Equation (6.25), in the
region [0, F] x [0, tan(&)].

\

\
S
w

elii,y,
N

0.1

(d) Plot of the function (6.27).

Figure 38. Numerical plots for the proof of Lemma 6.16.

Since numerically one observe that (see Fig. 38b)

fl([g,ﬂ] X [O,tan(d)]) = fi(m,tan(a)) = 0.971097,

afif[o, %],mp) > agfl(%,()) > 1.29579(60 + Ad),

then g fi > 0 in the region (0,Z) x [0,tan(@)] (observe that f1(0,A¢) = —1). We deduce that the equation
f1(8,A¢p) = 0 defines an implicit function h; (A¢), such that

hi(Ap) <O unless Agp = 0.

By the Implicit Function Theorem we obtain

dh, _ cos(a—0)—cos(@) —cos(a)sin(0) Ap

dA¢  cos(@—6) —cos(@) +sin(@—0)Ap
sin(a) cos(0)A¢

(6.26)

" cos(@—0) — cos(@) +sin(a@ — O)A¢p’
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so that in the region of interest one can check numerically that (see Fig. 38c)

dhy (Ag) sin(@) cos(f) tan()
-l ——<-1+ — — =0.0251844.
dA¢g cos(a—0) — cos(a) +sin(a — H) tan(a)
Differentiating w.r.t A¢ one obtains
d*h dh dhy dh
1 L, g, 4 din

ang? = 9% ang T ang dne
_sin(@) cos(8)(cos(a - 0) — cos(a))
" (cos(@—0) — cos(@) +sin(a@ — B) A¢)2
sin(@)A¢(—sin(@) — cos(a) sin(@) + cos(@)A¢) sin(&) cos(0)A¢
(cos(@— 0) — cos(@) +sin(a@ — 0) Ap)? (_ cos(a —0) —cos(a) +sin(c‘r—9)A(/))'

and numerically one sees that (see Fig. 38d)

2h1

dAP?
so that the function is convex, with a minimum near A¢ = 2.35681.
Finally, the only case for which % =-lisfor A¢p =0, g3(A¢) = 6. This means that the function

>0.0168525,

8¢ — 0(A) = A + Iy (Ag)

is strictly increasing, convex and has derivative 0 for A¢ = 0, see Fig. 37b.

Case 3: T € [12,1).
The solution to be studied is
cot(a)

(1 - cos(@) +sin(@)Ad) U@ (D—2) _ ,cot(@)(p—2—2m—a+Ap+6)
sin(a)

OF(¢p; so) =

¢
+c08(6) D@~ P2m21-0FAD) _ gin () COU@@=¢H d¢’
Go+2m+aA+AP

= U@ (o —2m-a+0) [—Cf’t(‘:”) (1= cos(6) + sin(6) Agp) gD @T+a=0) _ peotl@)l ¢4/
sin(a)
— sin(f) tan(@) (e @@~ P2-2m=a+0) _q),
At the initial angle ¢ = ¢ + 27 + @ — A¢ we have

B cot(a)
£0,50) = sin(a)

= (0, A) e 0t cos(0).
Numerical plots (see Fig. 39a) show that f, < 0 is a triangular shaped region N, with corners

(0,0), (0.0956622,0), (0,0.0428438).

(1 - cos(0) +sin(0) A¢) e CUDCT+A=AP) _ ,cot@b | ¢55(9)

Next, we take the derivative of 67(¢; sp) w.r.t. ¢, obtaining
cot(a)
sin(a)

— e%U@0 4 co5(0) — sin() tan (@)

00T (p; s9) = eV P~ 927270+ AP) oo (@) (1-cos(0) +sin(6) A¢p) eV ET+a=A9)

= SO P=2=21-0+09) 1) (0, Agh).
Numerically (see Fig. 39b), the negativity region is a triangular shaped region N3 with corners
(0,0), (0.639078,0), (0,0.329784).
Being this region larger than the negativity region for f5, it follows that
{r€112,11,(0,Ad) € N2} € Nare,

and
{T € [TZy 1]) (Q»A(P) ¢ N3} N Narc = @

(6.27)

(6.28)

(6.29)
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S,

K50
XKLL
<9’232020‘¢*ﬁ*¢2,

0.00 0.4

>

0.04
0.2
Deltaphi

Deltaphi .02

>
0.00 0,00 0.0 0.0

(a) Plot of the function f, (8, A¢p) (6.28). (b) Plot of the function f3(6,A¢) (6.29).
theta

0.6
0.5
0.4
0.3
0.2 7

0.1}

Deltaphi g.02
NN L N L Deltaphi
0.1 0.2 0.3 0.4
0.00 "~ 0.00 (d) Plot of f>(-/3) = 0 (blue), f3 = 0 (orange), f4(-/3) =0
(green). We have rescaled the first and the third for

(c) Plot of the function (6.30). clarity.

Figure 39. Numerical plots for the analysis of the negative region with 7 € [1, 1].

In particular the derivative of §7(¢; sp) is strictly negative in the region of interest, and thus this determines a
function 72 (6, A¢) whose graph is the boundary of the region of negativity.
The maximal region is computed by considering

t(a - _ _
+ COS(G) eCOt(d)A([) _ Sln(G) tan(d) (eCOt(d)A(P _ 1) (630)
= f1(6,A).

Numerically (see Fig. 39¢) the negativity region is triangular shaped with corners
(0,0), (0,0.0478458), (0.0956622,0).
The contours of the three regions of negativity are in Fig. 39d.

Case4:t€[1,1+717)
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Deltaphi _— \
1

po(t, 7, tan(@))
0044 7T+ tan (@) )
0.043 -
0.042 -
8p(1+571,0,Ad) 0.041¢
(a) Plot of the function p@(@# for s assuming the o5 1o s o0 v tau
values {0,.2,.4,.6,.8,1} (monotonically bottom to top s tan(a
graph). (b) Plot of the worst case %, Te[l,1+77).
Figure 40. Studyofdp forte[1,1+1).
The solution 6 p is
_ 3 _ . _ ecot(d')Agb -1 B
Sp(m)=Sple" —e" LT —1)) +S1e" T+ Spe T2+ Sz T pT7l g7t
cot(a)
H(@)A
_ -1 1-14 1-12 —e@n+a@) ot @Ad 1
=e Sole—(t—-1))+ S;e +Sse + S3e — + 84].
cot(a)
The worst case is for 7 = 1 + 71, so that we have to study the function
_ B Sln(d) eCOt(d)A(,b -1
fO,Ap) = Sple—11) +S1e' 1 + Sy 2 4 S5 +8y.

2r+a  cot(a)

One observes numerically that the quantity inside the bracket is strictly positive (> 0.44), and also numerically
one obtains that
f6,Ap) - flr tan(@))
00O +Ap)  m(w+tan(a)

0.031,

and that (see Fig. 40)
6p([1,1+11),0,Ad) - 6p(1+1y,m tan(@))

> — > 0.04.
00 +Ag) 7 (7 + tan(a)
Case5:T€1+[11,7T2).
The solution is given by
_ _etot@Ad _q
Sp()=So(e" e Ma-1)+S1(e" T —e" T (T — 11 = 1)) + Spe” T2 + S BT eTe"l + 8,051
cot(a
~ _ peot(@AP _ 1
= e Sple—(T— 1)+ 81l T — e (T — 71— 1) + Spel T2 4 SyeC@TOE T2 g ]
cot(a)
A numerical evaluation shows that (see Fig. 41)
Op([1+711,1+712),0,A ) LT, tan(a
p(1+7,1+73) $) _ 0p(r1, 7, tan(@)) - 0.04.

00 + Ag) T w(m+tan(@))

Case6:T€[1+71,,2].
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0.0416 -
0.0414 -
0.0412 plz, 7, tan(@)

T(m+ tan(a))
0.0410 -
0.0408 -
(a) Plot of the function 5p(1+(16_(30):1A+L;;2’6’A¢) for s assum- 0.0406" 1.3 14 15 16 e
ing the values {0, .2, .4,.6,.8,1} (monotonically bottom 8p(r, % tan(@))

(b) Plot of the worst case T€[1+71,1+712).

to top graph).

T(Z+an(@) ’

Figure 41. Studyofép for € [1+1y,1+712).

The solution is given by

Sp(m)=Spe" —e @ -1)+S1(e" T - Mz -1 - D)+ Sz (72— 2 71, - 1))
DA
—c(z;;m)(ecm(a) v-1 o1
cot(a)
ecot(d)A(/) COt(C_Z) (27[ + d) (T —24+ Zﬁfd) _ ecot(d)Ad) +e cot(a)2n+a)(t-2)

— T_
(27 + @) cot(@)? € )

+S3e

+ S4€T_1.
Numerically one observes that (see Fig. 42)
0p([1+712,2),0,Ad) - 6p(1 + 12,7, tan(@))

> — > 0.04.
060+ Ag) 7(m +tan(a))
Case7:T€[2,2+11].
The explicit form of the solution is
-1 L -2)7° - —11-1 - —7o-1
op(r) = So(eT —e"lr-1+e T) +S1(eM - T a - = D)+ Se(eF - -1 - 1)

S3 [__T (ecot(d) @r+a)(t-12) _ ecot(&)(2n+d)(r—1))
cot(a)
eé(Z]Hd)(T—l)

(- et @Y con@ @ + @ (T -T2 - 1)

- cot(@)?(2m + @)
4O DT=2) o427 + @) (T — 2) + D @T+A(T-T2-1 _ ecot(&)(2ﬂ+d)(‘r—2))]
+Sy(e" —e" 2 (1 -2)) + Sse” 2.
Numerical evaluations show that (see Fig. 43)

6p(2,2+71),6,Ad) _ 5p (2,7, tan(a))
60+ A¢) T w(m+tan(a))

>0.04,

so that the function is positive.
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Deltaphi
1

0.0414 -

0.0412 -

p(t, m, tan(a@))
0.0410

T+ tan(Q) )

0.0408

Sp(1+(1-5)T2+5,0,Ad)

(a) Plot of the function 00+A%) for 5 assum- 170 175 180 185 190 195  2.00
ing the values {0, .2, .4,.6,.8,1} (monotonically bottom S0, tan(@)
to top graph). (b) Plot of the worst case m, TE([1+712,2).

Figure 42. Study of §p for 7 € [1+1,,2).

o(T, 7, tan(a@))

0.0414 7T (T + tan (X))

0.0 0.0413"
Deltaphi
0.0412"
0.0411 ¢
3 0
0.0410 -
. 6p(2+s11,0,A¢) . . . L N _—
(a) Plot of the function S Y for s assuming the 505 X1 15 220 S tau
values {0,.2,.4,.6,.8,1} (monotonically bottom to top So.1.0)
graph). (b) Plot of the worst case m, TE[2,2+717).

Figure 43. Studyof §p for 7 € [2,2 + 17).

Case8:T€[2+711,2+712].
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Deltaphi

0.04095 -

0.04090 -

0.04085 -

0.04080 -

(a) Plotof the function op (2+(1;:(31X(;)12’9’A¢) for s assum- i 23 24 25 26 au

ing the values {0,.2,.4,.6,.8,1} (monotonically bottom So(s, 5 tania
to top graph). (b) Plot of the worst case (7,3 tan(@)

W'TE [2+T1,2+T2).

Figure 44. Studyofdp forte[2+ 11,2+ 12).

The explicit form of the solution is

,_2(1—2)2) 2(1—2—11)2]
2

6p(1)=80(e7—e7_1(r—1)+e 5

+S; (eT_T1 P LR Y S, | IR L
+Sp(e" e 2 (T -1, - 1))
+ Sg[ —r (ecot@ T+ r-T2)
cot(a)
e5(2n+o':) (r-1)

_ ecot(d) 2r+a) (T—l))

(— e~ COUDT=T2=D) 1 (3) (271 + @) (T — To — 1)

t
cot(@)?(2m + @)
+ e~ MDD 0643 (271 + @) (7 — 2) + eCONDCT+AT-To—1 _ ecot(d)(2n+d)(r—2))]

+Sy(e" ! —e" (1 -2)) + Sse’ 2.
Numerical evaluations show that (see Fig. 44)

6p([2+711,2+712),0,Ad) - 6p(2+ 1y, m tan(@))
00 + A¢) T @ +tan(a))

> 0.04,

so that the function is positive.

Case 9: T €[2+712,3).
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Deltaphi
P 2

0'04075f p(t, T, tan(Q))

7T (T + tan(a))

0.04070 -
0.04065 -
0.04060 -
(a) Plot of the function 6P(2+%(_9TA2;)S’9’A¢) for s assum- © 270 275 280 285 290 295 300"
ing the values {0, .2, .4,.6,.8,1} (monotonically bottom 5p(r,Z tan(@))

(b) Plot of the worst case TE[2+712,3).

to top graph). 2 (5 +tan(a@) ’

Figure 45. Studyof §p for 7 € [2+1,,3).

The explicit form of the solution is

oo (1—2)2) _2 (7—2—11)2)
2

6p(r)=80(eT—eT_1(T—1)+e 5

+87 (e’_“ P L Y (N P L
T—Ty—2 (T-712- 2)2 )

+ Sz(eT_T2 —e' 2 Mg, — D +e 5

+Ss[ - i (econ@E@n+a-2) _
cot(a)
E@T+@)(T-1)

ecot(d) (2n+d)(r—1))

( _ e~ COU@TT2=D) o (@) 2 + @) (T — T2 — 1)

T
cot(a)?(2m + @)
+e” cot(a)(t—-2) COt(C_Z) (27_[ + C_K) (T _ 2) + ecot(d)(2n+d)(r—12—1 _ ecot(d)(2n+d)(r—2))

. eCRr+a)(1-2) (  Cot@F—12—2) (cot(@ 2m+a)(t -1, — 2))2
cot(@)3(2m + @)? 2
— e UMD TT272) (043 (271 + @) (T — To — 2) + eCOUD T+ T-T2=2) _ 1)]
+8y(e" —e" 2 (1 -2)) + Sse” 2.
Numerical evaluations show that (see Fig. 45)

6,0([2“‘72,3),9;A¢) - 5P(3;7T,tan(d))
00 + A¢) T n(m+tan(a@))

0.04,

so that the function is positive.

Case 10: T = 3.
It is enough to find the region where that
dp(T)=6p(T)-6p(r—1)=20
and apply Lemma 3.14. Numerically it can be shown that (see Fig. 46)
6p(T,0,AP) - b6p(7,0,Ad)

-4
000+ Ad) =10
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>

/ //2.41 2,3§\\

i
7 2.40 2.39°
e

o Deftaphi Deltaphi 5 46

\‘3
(a) I‘;Iu(?:g;?lgp(l?fl ng¢t)lle function (b) Close-in plot of the previous graph (c) I;Iu(?;fzigﬂﬁplgte %fd,;[he worst case
oL, 0(9+Ap¢) ——=, T assum- near the negativity region (6,A¢) € P '9(9+A$) —— near the neg-

ing the values {3,3.2,3.4,3.6,3.8,4}. (7, tan(@)) + (—.4,0) x (—4,0). ativity region.

Figure 46. Study of p for 7 € [3,4).

0

Figure 47. Plot of the function 6.31, and a blowup about the negativity region.

for
0,Ad) € (0, 7] x [0,tan(@)] \ (3.12, ) x (2.37,tan(@)).

The application of Lemma 3.14 concludes the proof.

Asymptotic behavior.
Using Lemmata 3.18 and 3.20 we obtain

dp(r)ec" —E@n+@)Ty _ p-C2n+a)
= So+S1+S2+S + 84+ S5, 6.31
= 100+AP) 00+ AP) ( 0T o1 o293 = 4 5) (6.31)
A plot fo this function is in Fig. 47. 0

6.2.1. Estimate on the length for the fastest saturated spiral 51 (¢; sp), arc case. We will repeat some of the esti-
mates for the functional

SF(¢h; 50) —2.085L(¢h; o), = po + A+ g +or.
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2 0.003
0.002

4 —c2m@) T 51 oot
0.15 p[,;,@ -2.08e IfeL(t-1) 50

0o 2 3 4 5 w000

. . . _,—CR2r+a)T 5T
Figure 48. Numerical plots of the function W;(Tmp)m:

values for 0 = g, A¢ =0, and its derivative for 7 € [4, 5].

the fist 5 rounds, the minimal

Using computations similar to Section 6.1.1 we obtain
1 - cos(0) +sin(0) A¢p
sin(@)?
cot(a) ) _
sing) (L~ 0sO) + Apsin@) (9~ o = Ap= 5 +a) =G~ po ~ 21~ o)

+c0s(0)%(¢— o — 27 - g) —sin(0)(& ¢ — o — 27 - g) ~6(p-go-271- g -a¢))

SL(¢p; s9) =

+ ( - cot(@)? (1 —cos(@) +A¢ sin(@)) (6.32)
+cot(@( sin(@) - cot(@)(1 - cos®) + Apsin(@)) | |%(¢ - po 27— A - g)

+(5in(®) - cot(@ (1~ cos(®) + Apsin(@)) | H(¢ - go + 27 + g +A¢)

= (sin(e) — cot(@)(1 - cos(9) + A<psin(0)))<g(¢> —po—27—Ap— g —om— a)

where we have used the definition of &(7) and for the first term we compute by (6.19)
7(p2)8¢p2  1—cos() +sin(6) A

1—cos(8) +sin(@)A¢ + r(p1)0¢p1 + 6|P2 — Py| — @ SIn(@)?

For ¢ = ¢ + 27 + AP + 5 + 27 + @, the RDE satisfied by 5L is

d - SL(p—27m—@)
701 = cot@dL) TS
with
_ cot(a@) B . B 1 cos(0) 3 sin(@)A¢
L= Sz (1080 + Adsin®) - s+ ) T i@
g (- cot(@?(1- cos(@) + Apsin(®)) + cot(@ sin() - cot(@) (1 - cos(®) + Agsin()))
_ @ (5in(® - cot(@ (1 - cos(0) + Agsin()))
. (1-cos(@)? . cos(@ -1
=—(1—-cos(6) +sin(@)A¢) —en@?® 1n(9)W <0.

Hence the RDE for 67 — 2.085 L is
OF(p—2m—@)—2.085L(p— 27 — @)
sin(@)

%} (67 () — 2.085L(¢h)) > cot(@) (57 (¢p) — 2.085 L(¢p)) —

for ¢ = o +27m + Ap + 7 + 27 + @&. We can thus apply Lemma 3.14 and Remark 3.15 if we can show numerically
that the function is positive and strictly increasing for 7 € [4,5].

A numerical plot of the function §p(1) — 2.08e™“@*DT5L(1), ¢ = o + A+ % — @ and (6,A¢) € [0,5] x
[0, tan(@)], is in Fig. 48: it is shown that the function is positive, increasing for 7 € [4,5] and its minimal value:
by Lemma 3.14 we conclude that
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Proposition 6.17. It holds for the perturbation in the arc case

5p(1) —2.08e"CTATST (1) > 0.27eCTTITHO + Agp), T=1.
6.3. Anbound for the length of a spiral. We can put Propositions 6.8 and 6.17 together, obtaining the following
Corollary 6.18. Consider the spiral 7 (¢; o) if

Po+0+2m segment case,

¢2¢2={

Go+APp+75 +2m  arccase,

then
F(h) —2.08L(p— 27 — @) = Fao () — 2.08Lacg(p— 27 — @) > 0.67 P~ @N@—F+a)

Proof. We can write
bo
F(p) —2.08L(p— 271 — @) = Faq(p) —2.08Lazo(p— 27 — @) + / OF(¢; s0) — 2.085 L(¢p — 27 — &; sp)d 5o
0
> Fazo () — 2.08 Lo (p — 27T — @). O

7. THE OPTIMAL SOLUTION

In this section we construct the optimal candidate spiral for the minimization problem (1.9), (4.1). The
previous section showed that the fastest saturated spiral {(¢; so) is optimal outside a small interval of rotation
angle in the first round after ¢y (for 6 € [0, Z1): we thus construct a new family of spirals 7 whose structure takes
into account that for some angles ¢ it is better not to follow the fastest saturated spiral 7.

7.1. Definition and construction of the optimal solution candidate. To describe the possible situations which
can occur, depending on the relative position of ¢, ¢ and the quantities 0, A¢ (recall the definitions of the two
quantities from Section 6), we define the quantity

0 segment case, _ ) 7
. so thatf = mln{w,—}, (7.1)
5 +A¢ arccase, 2

and consider the following cases (see Figure 49 as a reference):
Point (1) ¢ — o € (0,27 + B~ ()): in this case we define

P (s 50) = F(h; $0), P € [po, P,
i.e. we follow the fastest saturated spiral, which we already know it is the optimal solution for the first
round by Theorem 4.12.

Point (2) (/_)— ¢o—2me [ﬁ’((po),é): the solution 7(¢; sp) will be a segment [Py, P7] in the direction (/_b —2m. We
stop atalength £y = |P~ — Py| such that the fastest saturated spiral starting at the end point P~ forms an
initial angle whose value is on the boundary of the negativity region (it may happen that ¢, = 0). From
this point onward, the solution is the fastest saturated spiral, which can start either with a segment or
with a level set arc.

Point (2) ([) —¢o—2me [%, w): here we are in the arc case, and we follow the fastest saturated solution 7(¢; sp)
in the interval

(PE (PO»(ﬁ_Zﬂ—g)y

then we repeat the construction of the previous point: follow the direction ¢ — 27 until we remain in
the negativity region. Also in this case, after reaching the boundary of the negativity region, we close
the last round starting either with a segment or with a level set arc.

Point (3) ¢ — ¢y — 27 — w = 0: we follow the fastest saturated solution ¢ up to the angle ¢—27 — @, then we repeat
Point (2) and Point (2') above starting from a saturated point ¢— 27 — &. Note that when ¢ = ¢pg +w + 27,
then

Pr={(go+Ap+ T -a), P1=C(go+A0),

and then (/3 —2mE 6‘5 (PN a—Z (¢2), so that the two constructions above are the same. Here, we have
indicated by ¢1 = g + A and by ¢ = o + A+ 7 — @ as in Section 6.2.
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0

atN|

¢ — ¢o € [0,27 + 37 (¢0))

atN|

¢—dp—2m—w >0

Figure 49. The three possible situations occurring in the construction of an element of the
family, in the segment case (w < 7). The blue curve represents the strategy

7(¢; so) constructed in the previous section. In red the angle 0, representing the
opening of the tent

We can summarize the construction as follows, Fig. 50: we follow the fastest saturated solution 7 up to the
angle ¢ such that

Pedo+2m+B (o), B (Po)l, 7.2)

then a segment of length ¢, = | P~ — Py| determined by requiring that it is the last point such that the derivative
of the fastest saturated spiral 7 starting from that point satisfies 67 < 0, and then the fastest saturated solution
for the last round.

Apriori, the perturbation of 7 in the last case (i.e. on the saturated part of 7) can be either a segment of an
arc, i.e. we are exiting the negativity region in the arc or segment case. This may only happen in the first round,
because afterwards the last round corresponds to the segment case (Proposition 7.7): due to the particular
form of the solution in this case (two consecutive segments followed by a saturated spiral), we will call this
construction a tent. In particular, Fig. 50 is correct when P = P~, but its purpose was just for notation.

We next fix the notation for the optimal candidate solution, see Fig. 50.
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Figure 50. The construction of the optimal closing solution: the starting spiral is ¢ (black)
up to the angle ¢. Then we follow the fastest saturated spiral { (blue) up to the
angle ¢, determined by (7.2). At this point we follow the segment with direction
¢ until the angle between ¢ and the new fastest saturated spiral { (red) is on the
boundary of the negativity region. Note that while the blue spiral is inside the red
one, the ray #(¢; so) is smaller than F(¢; so).

« ¢ is the final angle, where we want to minimize r(¢);

e (y is the starting angle, with ¢y < ¢, from which the arc/segment of the fastest saturated spiral 7(¢; so)
starts;

« the point P is the point of the spiral 7(¢; sy) where a segment of length ¢, starts with direction ¢; the
corresponding angle is ¢o;

« the segment of length ¢, has endpoints Py, P~, and its direction belongs to the subdifferential to the
fastest saturated spiral 7(¢; so), ¢) in the point By;

« in the point P~ we compute the fastest saturated spiral: two cases again can occur (arc and segment,
see however Proposition 7.7);

« if the segment case occurs in the point P~ we will denote it by Py = P~;

« if the arc case occurs in the point P~ we will denote by P; the second endpoint of the arc of the level
set of u, with opening Ad;

« from the point P; the spiral is a segment of length ¢; and endpoints Py, Py;

« the point P, is saturated;

« the exterior angle between the segments [Py, P11 and [P}, P,] is the critical angle 6 in the segment case,
while in the arc case the angle between [Py, P~] and the level set arc is 11 (A¢) < 6.

The first result of this section is that the above construction defines a unique spiral 7(¢; sg).

Proposition 7.1. Given s = s(¢o) = 0 and anangled = o, there exists a unique spiral i (¢; so) with the properties
above.

Proof. The spiral 7(¢; so) is defined once we know at what length ¢, of the segment starting in Py and point-
ing in the direction ¢ has to stop, and the spiral becomes the fastest saturated afterward. This point is when
the derivative §7(¢p; ) of the fastest saturated spiral 7(¢; £) starting from P~, |P~ — Py| = £y, is 0. Recall the
definition of w,0 in (7.1).

If we define w(¢y),0(¢p) as the values of the angles w, 8 formed by the fastest saturated spiral along the
segment ¢ e'? (recall that 0 is the angle 6 —6,, where 6y = B~ (By) is the direction of the perturbation), we have
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v(£o)

>

. _
% w 7 +tan(a)

Figure 51. The curves v(¢) of Proposition 7.1 in blue, and the boundary of the negativity
region in red.

defined a curve
R* 30— v(£o) = (0(¢0), w(£)) € R®.

The statement is proved if we show that this curve crosses the boundary of the negativity region N = Ngegm U
Ny (Propositions 6.15 and 6.7) only in one point: if this happens, the crossing point is a minimum for the
quantity 7(¢; £o), see Fig. 51.

In the case the initial value is already outside the negativity region (i.e. 6 > h;(A¢)), then we deduce that
¢y = 0. This could happen for example in the case 6 > 0, as for instance in the second picture of Figure 49,
where the angle 0 is sufficiently big. In this case ¢y = 0 and the optimal solution coincides with the fastest
saturated spiral.

We observe that after the point Py, the segment [150,15_] starts tangent to the spiral f , i.e. 8 =0: thus we
always start in the negativity region of §7(¢) (i.e. £o > 0) apart from the case where By = Py. Summarizing, we
encounter two different situations, Py = By and Py # Py. In the first case we compute 6, and if 6 > 6 then ly=0
and the optimal solution is the fastest saturated spiral (if it is not, we find ¢y such that the angle formed with the
solution is exactly ). In the second situation, since we start tangent to the fastest saturated spiral in the point
Py, then 6 = 0 and we are in the negatwlty region. Again, ¢ is such that the fastest saturated spiral computed
at the endpoint P; forms exactly an angle 0 in the segment case and £ (A¢) in the arc case.

We can compute the derivative of the curve v(¢;) by using the formulas of the previous section.

Segment case: we have from (6.1)
dao 1 sin(6)

sin(0) — cot(@) (1 —cos(@))) — —,
dty  |B,—P I( ) (1)

ao

ar lpzfl(smw) cot(@)(1 - cos(®))),

where we have used Equation (6.1) and where #(¢;) is the length of the segment part of the optimal
ray ending in the initial point B and 6, = B~ (¢1) = B* (¢h1) — 0. See Figure 52 as a reference. We point
out that the derivative is computed in the point 151. Hence, since ;—Z) > 0 unless 8 = 0, the curve v(¢y)
which in the segment case is (0(¢y),0(¢)) can be represented as the graph of a differentiable function
0(0), parameterized with 6 increasing. Since in the segment case the boundary of the negativity region
is 0 = 0, this curve exits the negativity region only in one point, corresponding to a unique value ¢.
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P

H. ; _{,_; I. .

Figure 52. The situation of Proposition 7.1 in the segment case.

In the case Py = P = P, one can check by a local expansion about a saturated point that
a6 sin(@ db
dty P dlo
Hence the curve v(0) starts with direction (0, 1).
Arc case: here we use (6.20) and the fact that the angle of the level set with the ray is % to write

do dAd . ) . .. cos(@)
— = ——=——/{(sin(@) — cot(@) (1 — cos()) + cot(@) sin(O)Ap) — ———,
dty dty |P,-P| ( ?) Fp™)
ﬁ 3 cos(0)
aty  F(g)’

with 7(¢p~) the segment part of the optimal ray ending in P~. Hence the curve can be represented again
as the graph of a function A¢(6), oriented along the increasing 0 axis, and such that

dAd _ F(@7) sin(d) —cot(@) (1 - cos(6) +sin(@)Ap)

== ~ 1.
ae  |P,— Py cos(6)
The computation of Lemma 6.16 gives that the derivative of the boundary curve hy (A¢) is (see Equation
(6.26))
(dhl )—1 - cos(9)A<b
dA¢ sin(0) — cot(@) (1 — cos(6) +sin(@)Ag)’

and then it would follow that the curves are not transversal only if

Fp) cos(0)Ad

= <0

1B,—Pil  (sin(0) — cot(@ (1 — cos(@) +sin(@)AG)2

which is impossible.

Thus the curves are transversal, and the crossing occurs from the negative region to the positive region: indeed
this is clear in the segment case, while in the arc case

- e o g, (dh

if sin(®) - cot(@)(1-cos(6) +sin@)A¢p) <0 then — <_l<(dA</3)
M -1

if sin(9) - cot(@ (1 —cos(6) +sin(@)Ag) >0 then ddAG(p>_ >(ZZ<1Z>) ’

meaning that if you cross the negative region, then the crossing occurs always with the same direction. The
above inequalities yield the statement. 0
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Corollary 7.2. Assume that along the line Py + R*el? we find a point P~ such that the fastest saturated spiral
starting from P~ form the critical angle 6 = 0 in the segment case (i.e. P~ = Py) or 0 = hi(A¢) in the arc case.
Then this is the starting point of the unique spiral of Proposition 7.1.

Proof. Indeed, the map ¢o — (0,w) is a smooth curve strictly increasing in 6 and crossing the line of critical
angle 0 (segment case) or i (A¢) (arc case) exactly in one point. g

In particular, the segment case is admissible if and only if the tip of the tent P; is such that the angle of the
optimal ray ending in P; and the segment ¢ is < 7 this is the criterion we will check in Section 7.2.1.

Remark 7.3. Observe that along the line A¢ =0, i.e. 6 = Z and 6, = Z — 0, we have

do  F(¢7) sinf-cota(l—cosh) )
do  |P,— P cosf

We want to check whether from the arc case (meaning that the fastest saturated spiral starts with an arc in the
point P~) there is a transition from the segment solution. By observing that the spirals are convex and the angle
at the top of the segment ¢ with the optimal ray is &, by elementary geometrical reasons we must have

|P,— Pyltana@ = ¢  tana@ < ¥(¢p_),
in particular the previous inequality becomes
dw > tan(d@) sin(0) — cot(a@)(1 — cos(H)) 1= tan(a) sin(0) — 1
do cos(0) B cos(0)

This quantity is positive whenever 6 = sin~! (cot(@)) = 0.426813. In particular, in this range there is no transition
from arc solutions to segment solutions.

The previous proposition proves that construction of the spiral 7(¢; sp) at the beginning of the section is well
defined. To prove that it is the minimizer for the minimization problem (4.1), we need to study the positivity of
7(¢h; so) w.r.t. to perturbations. More precisely, we want to compute the derivative

S s0) = (s 50)
(,b,SO _dsor()byso .

Similarly to the computation of 67(¢; so), depending on the structure of the solution 7 several cases are possible:
the initial fastest saturated part of #(¢; sp) can be a segment or a level-set arc, and the segment starting in B
with length £y may be followed by a segment (tent case) or an arc.

The most important case is when the last round starts with segment (tent case), which we analyze in the
next section.

7.2. Formulas for the tent case. In order to study the correction to the fastest saturated spiral 7 after the angle
¢o, we need to study some geometric relations among the length ¢, of this segment and the underlying spiral
7. This section is thus devoted to obtain these formulas, depending on the following quantities, which in order
to distinguish from the previous ones are denoted with a hat, see Fig. 53:

« the entrance ray Fy at angle 0 initial position Qy, the end point P of 7 is saturated;
o the exitray 7, at angle 6 with initial position 0,, the end point of 7, is saturated;

the length of segments ?0, / 1

the length L of the spiral at the base between the points Qp, Q; (angle opening [0, 0.

L]

L]

We will also give conditions to verify that it is admissible, which is equivalent to check that the angle formed by
segment [Qq,P;] and the second segment [Py, P»] is ZQ, P, P, = %
Since Py is saturated, the saturation condition at the end point of the segment ¢, reads as
fo+ L— o —cos(@)(fp + 1) = 0, (7.3)
and the vector relation among the various points is
Qo+ o(1,0) + £ge'® + 012" = Qy + e (7.4)

Projecting the second equation in the direction e’ we obtain

(Q2— Qo) - e 4 7o — 01 cos(@) — £y cos(@—0) — Fycos@) =0,



SPIRAL STRATEGIES FOR BLOCKING FIRE 95

fo Py
Figure 53. The geometry used to obtain the formulas for the tent case, Section 7.2.

and then using the saturation condition

Q2= 0p) - ' — 8y cos(@—0) — Focos(@) = L— 7y — cos(@)fy,

0o = (Q2-Qo)- e 1+ o(1—cos(®))
0 cos(d—é) —cos(a@) '

Projecting again (7.4) on the direction e"@*0-2)

(G2 — Op) - €4 0=5) 1 7, sin(@) — £y sin(d) — Fpsin(@+ ) =0,
which gives

., _ fosin(@+ 0) + 0o sin(@) — (Qz — Op) - €!@+0-3)
2= .

sin(a)
We can now compute / 1 from (7.3) as
s Fat L—#y—cos(@¥y

0= -
cos(a)
Finally, the relation between L and Q, — Q, is given by integrating the curve (:
. g4 s 0 s
—~=¢e"RO), ((6)-((B)= / e'’Rw)dw,
do 6

where R is the radius of curvature of {. The above formula holds also when the curvature is oo, by considering
ds = Rd0 as a measure.
We summarize the results obtained in the following lemma.

Lemma 7.4. Consider the geometric configuration as in Fig. 53, with Py, P, saturated. Then the following geo-
metric relations hold:

0
Q2-Qo = / e’ Rw)dw, R®) curvature of ¢,
0

)
i- / R©)d0,
0
(02— Q0)- e — L+ o1 — cos(@))

by = R , (7.5)
cos(a —0) — cos(@)




96 STEFANO BIANCHINI AND MARTINA ZIZZA

o _ fosin(@ +0) + £y sin(@) — (2 — Op) - €'@+0-3)
27 sin(a)

’

2 _ ) +i,— o —COS(L_Z)[?()
- cos(@) '
Since all formulas are linear, we obtain the following corollary.

Corollary 7.5. The same formulas of Lemma 7.4 hold for the perturbation 67 (¢; so).

For future use, define the shift 7 in the 7-coordinate corresponding to the angle shift §:
0

. 7.6
2n+a (7.6)

f:

7.2.1. Estimates for the admissibility of the tent. The next series of lemmas give sufficient conditions which
ensure that the construction above is admissible, i.e. the angle between the segments [Q1, P1] and [Py, P,] is
LQIF’I P, = % If Ql = (((/3), then we must require

N N /4 ~
a+0-¢<2, $=0113642
Lemma 7.6. Assume that we are in the configuration of Fig. 53 with Py and P, saturated: if

_ sin(@)(sin(a + 6) —sin(a))

i = _ <0.966795,
o cos(8)(1 —sin(a))

then the tent is admissible.

Proof. We have to study the minimum of the function r—LO in order to have that P, belongs to the critical line
Ql +R* e‘(‘“é’%): we will show that in order to have this, we must have r—LO = Kient-

IfO, +R* '@+ 0-3) e must satisfy the vector relation

Qo+ fpe® + 0ye'® = Py,
with by (7.5)
Zo(cos(a—0) - cos(@) = (Q2 — Qo) - e i+ 7o(1—cos(®)).

We can fix the point Q;, and observe that the geometric configuration with minimal length is when Q, €

Q1 +R*e"@0-5). indeed in the formula for #; we can write

a+f-12 o X )
/ +/ ) ](cos(e —0)-1)dL©).
0 a+0-7%

6 a
/ ~dLo)
a+0-73

if we take the maximal value of 1 — cos(é —0), which is when 0 = @ + o- % This means that we can assume
0s € Qo + R*!@0-D),
The saturation gives then

) 0
(Q2-Qp)-e?-1= / (cos(@-6)-1)dL(O) =
0

In the second integral one can reduce the quantity

s A 4 . 1P=-0 P N P
L+|p2—Q2|—f0=L+ﬁ—f(,:cos(a)wowl)=cos(o‘c)(£0+cot(d)|P1—Qz|),

which is
L+sin(@)| Py — Q| — o = cos(a@) .
A configuration for which the quantity Kiep of the statement is reached is in Fig. 54a. For this configuration,
elementary geometry gives
: sin(¢) g foll= cos(0)) — L - cos( — )
= 0 =

Osin(d —(Z)) cos(d’—é) —cos(a)

’
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sin (@) [cos(cﬁ) _cos(6-6))
8 \ 2

sin/a—é} (:1—cos[é—r§))

o hatphi
0.25 P

0.05 0.10 0.15 0.20

Q

(b) Plot of the function (7.7) in blue, in (c) The geometry of the perturbation

i s
orange the value of 70 for the criti- used to estimate the tent in the
(a) The worst scenario of Lemma 7.6. calanglep=a+6-7%. general case.

Figure 54. Analysis of Lemma 7.6.

where we have used Equation (7.5), i.e.

L sin(@-¢)(1 - cos(d)) —sin(¢)(cos(@— ) — cos(@)) _ sin(@)(cos() — cos(d — §))

fo sin(@— ¢)(1 - cos(d — ) sin(@—¢)(1—cos@—¢))

The function . o
.~ sin(@)(cos(¢p) — cos(0 — @)
sin(@— ) (1 — cos(@ — P))

is such that if Lo/ 7y < 0.966795, then the angle corresponding to P, is larger than @ + 6 — %, see Fig. 54b.

For a generic configuration, we consider a variation of the geometry as follows (see Fig. 54c): keeping Q1,
P, fixed, we move backward the point Qg along a convex curve and vary 7y, ¢y accordingly in order to preserve
their directions. In particular, if 6 is the direction of the tangent of the convex curve in Qo, we obtain from the
vector relations

(7.7)

~ sin(0)

6[70 =0Qp , Ofpg= 6@0 cos(0) —6?0 cos(@) = 6@0(cos(9) —sin(0) cot(@)).

sin(@)
Plugging this relation into the formula for ¢, we obtain
80y (cos(@—0) - cos(@)) = 5Qo(—1 +cos(@ — 0)) + 5Q, (1 —sin(@)) + 57y (1 — cos (D)),
because Q, is assumed to move along the curve Q; +R* e!@+0-3) towards Q1. Substituting we obtain
50,(1 —sin(a@)) = 8y (cos(@—0) — cos(@)) + Qg (1 —cos(@ —0)) — 575 (1 — cos(d))

. [sin(@
- 5s| 20
sin(a)

=600 (1 —cos(@)).

(cos(@—0) —cos(@)) + (1 - cos(é —0)) — (cos(0) — cot(a@) sin(0)) (1 — cos(é))

Hence we have ) . A
oL a 0Qp—96Q _ sin(@)(cos(0) — sin(a))

5ty OF (1-sin(@))sin(@—-0)

Note that this formula coincides with Kient for 6 = @ + 0 - % By taking of the r.h.s. we have that

i sin(@)(cos(0) —sin(@))  sin(a) cos(a@) —cos(a - 0) sin(a)
do (1-sin(@)sin(@—0) 1-sin(a) sin(@ — )2

whose maximum in the interval 6 € [0, & + 0 — Flisfor0 =a+ 6- % and equal to

sin(@) cos(a) - sin(@) sin(@ _

= = =-1.03949 < 0.
1-sin(@) cos(6)?
Hence R R R R
L 5?0 oL L 6?() L _ A T
5(f_0_ tem)_f_o(ﬁ_f_o)> — (Ktem_f‘_o) for0<a+6—§,



98 STEFANO BIANCHINI AND MARTINA ZIZZA

and then we conclude that

L
— —Kient >0
ro

unless we are in the critical configuration where r—LO — Kient = 0.

We conclude that is % < Kient then the angle (f ((f)) = Ol is larger than the critical angle a + 60— % ]

We have proved that, under certain conditions on the length L and on 7y, the tent is admissible, meaning
that ZQ, P, P, > 7. In particular, if r—LO >0.966795.., then the fasted saturated spiral computed at P; starts with
an arc.

We next prove that in such a case (i.e. when we start with an arc), after one round the functional r(¢) —
2.08L(¢p — 2 — &) will be still negative. This is a consequence of the fact that 7 — I~ 0.04, so that we need I to
be almost of the size of 7y, and we need at least one round to make r(¢) more than twice the length L(¢p—2n—-a).

Consider indeed the spiral 7(¢; o), and let ¢, be the initial angle for the tent and ¢, = ¢o + 6 the final angle,
and let ¢3 = ¢y an angle where we are going to estimate the functional r(-) — 2.08L(- — 27 — @). By considering
the fastest growing spiral

7 =cot(a)r,
and observing that the best situation is the one of the previous lemma (because the length I is the minimal and
is applied at the latest possible angle), we obtain that if the tent is not admissible and ¢3 = ¢

’-;((i)g) < f((ﬁo)eCOt(d)(J)S_J)U) _ (Z((i)o + é) _ i(éo))eCOt(d)(gﬁg—(ﬁ0+%—d—é)
cot(@) (a+0-1)

Ktent

pCot(@(@+6-3)

< (Lo +0) - Lo ~ 1)@ oo+ -a-0)

< i(QBB —Zn—d)( _ l)ecot(d)(¢3—¢0+%—d—é).
tent
If now
B3> o +w+ 27,
we must have that Corollary 6.18 is valid, i.e.

ecot@@+0-1)

( — 1)o@ (@a=do5-a-0) > 5 g,
Ktent

Numerically one obtains

« u _ AT _ 2.08

bs—Po=a+0-= +tan(a)ln( =7 ) =7.86127,

2 ecot(al(a+6— )
Kient -
which in the 7 coordinates corresponds to
73— 179 =1.05358. (7.8)

We thus have the following

Proposition 7.7. The tent is admissible for if the starting angle ¢ is larger that ¢o + 0 — & (segment case) of
po+5+APp-a.

Proof. The initial angle corresponds to T = 0 in the 7-coordinates, and Corollary 6.18 must be true at 7 = 1:
Hence if the tent is not admissible for 7 > 0, there is a 7 > 1 such that Corollary 6.18 is not true by (7.8), which
is a contradiction. O

Remark 7.8. Itis easy to see that the tent is not always admissible: if we assume that the spiral { has a very long
segment, { asymptotically becomes by scaling

QO = Bcos(d) 0), ( =[0,1],
for which the fastest saturated is an arc. Indeed, in this situation the saturation condition for the tent reads as
0= 21 cos(a) + io cos(a — é) + cos(é) —cos(a) —cos(a)(1+ ?0 + 21)

= fo(cos(d — (9) —cos(a@)) —2cos(@) + cos(é).
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Being
2cos(@) —cos(0) =—-0.10964 < 0,
the tent is not admissible.

7.2.2. Anestimate on the final value f(¢). To conclude this section, we give a simplified formula for estimating
the final value of # and the angle ¢ = ¢ + 27 + .

Lemma 7.9. Assume that base of the tent is a convex curve, Py is saturated and that 7 is the saturated spiral
starting from ¢ tangent to the tent in the point Py. Then it holds

1- cos(é)

P(P) = F(P)— o= F () — _ .
rey=rie 0=T(@ cos(d—@)—cos(d)ro

Proof. Since the base of the spiral is a convex curve, then
1Q2-Qol <L,
and then by Equation (7.5)
1—-cos(0)
~ ro.
cos(@ —0) —cos(a)

20 =<
By Theorem 4.12 it holds also
fa = F(¢ha) = F(po +0).
Since 7 and r satisfy after the angle ¢, the same RDE, their difference satisfies
d
%(f@) —1(¢)) = cota(#(¢p) —r(g)).
Therefore,
- R

cos® g, O

cos(a—0)—cos(a)

=F(p) -
The last computation of the above proof will be used several times in the next sections:
) = (72— f((z)z))ecot(d)(mm—é) +7(¢) — bo. 7.9)
8. OPTIMAL SOLUTION CANDIDATE

In this section we construct the optimal candidate rop(¢) when the initial burning set is {0} and the spiral is
constructed outside B (0). We will show the structure of the optimal solution candidate depending on the final
angle ¢ and its asymptotic behavior.

8.1. Optimal solution candidate for ¢ € [0,27): see Fig. 24. In this case the optimal solution is the fastest
saturated spiral ropt = Fa=0, according to Theorem 4.12, and by Theorem 5.1 the solution is positive.

8.2. Optimal solution candidate for ¢ € [27, 27 + 7): see Fig. 55a. In this case we move along the direction ¢
until we are in the critical curve 6 = n (A(Z)): the saturation condition at the point P, is

v

¢ <. . - v h -
Sn@ cos(@)(h+0Ad+Lcot(@) =0, ¢= \/ 1+ h%+2hcos(p), sin(P) = 7 sin(¢),
which gives
Y h
A¢ =tan(a) — 7 8.1
The final value is then .
ropt((Z): h) = Lecot(d)(d_)—((b+mz>+%—d)) _ ecot(d)(d)—zm —h (8.2)

sin(a)
Aplotisin Fig. 55b, where the function e~/ rop and the fastest saturated spiral e~/ 7, of Section 5 are plotted
together: the figure presents only the part where 7oy is below 7a—o. Note that the region where it is convenient
to use rop is for

- b4
¢>2m+ 37 hy (tan(@)) = 7.73645,
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Topt ((/3)

7.85 0.0

(b) Numerical plot of the function rop¢ (orange) and S,
(a) Geometric situation of Section 8.2. with a =0 (blue).

Figure 55. Analysis of Section 8.2.

as Proposition 6.15 requires. The optimal value is computed by imposing & = h; (A¢) together with (8.1).

In order to verify that the tent is not an admissible solution, one could check that A¢ > 0 or try to compute
the geometric quantities for a tent: indeed, if we try to replace the arc with the tent and we use the saturation
condition and the optimality condition 6 = 6 of Proposition 7.1, we obtain that if P, is the first saturated point
of the fastest closing spiral starting in P, = (1+h cos((ﬁ), h sin((ﬁ)), then from geometric consideration and the
saturation condition

|Py| = cos(@—0 — ¢ +2m) + hcos(@—0) + £, cos(@), |Pz|—cos(@)(h+¢1) =0,

where ¢; = |P» — Py|, so that
1-0-p+2
cos(a ¢ +2m) <0

cos(@ — 0) — cos(a)
for ¢ € [27,27 + 7], so it cannot be an admissible solution.
We summarize these results into the following lemma.

Lemma 8.1. If ¢ € 27 + [0, 7 — hi(tan(a))], the optimal solution is the saturated spiral. For ¢ e2m+ (3 -
h; (tan(@)), %] the optimal solution is a segment in the direction (ﬁ followed by an arc. The solution remains
positive.

8.3. Optimal solution candidate for ¢ € [27 + 5,27+ 7 +tan(@)): see Fig. 56a, 56b. In this case the solution
ropt switches from the arc to the tent as the angle ¢ increases: indeed from Proposition 7.7 we know that in the
saturated region the tent is the admissible solution. For the arc case (Figure 56a), the saturation condition at
the point P, is

’

~ cos(@(§- 27— g +h+00g+lcot@) =0, 6=V1+h2, sin(@)=

~d S

sin(a@)
i.e.
. b—2r—Z+h
A¢ =tan(a) - 4’72. (8.3)
which is positive for (see Fig. 57a)
- T oy
G=<2m+ 5 +tan(@)? — h.
In the region (see Fig. 57b)
b>2m+ g +tan(@? - h 8.4)
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(a) Plot of the function (8.3).

8.0

8.5

9.0 9.5

T m\ i (= A
cos (o) (@»27(—2/\—5'”\(0(—6

\

/

cos(’ﬁf é\) - cos (a)

(a) Geometric situation of Section 8.3 in the arc case.

(d) Plot of the function (8.6) (blue): the
orange line is tan(6).

Figure 56. Analysis of Section 8.3.

274 = +tan(@ f-h
10.25 2

10.20
10.15 -

10.10

hbase

0.2 0.4 0.6 0.8 1.0

(b) Plot of the boundary of the region
(8.4).

10.4

10.2

hbase
0.2 0.4 0.6 0.8 1.0

(e) Plot of Equation (8.6) (green), (8.4)
(orange) and the line for admissi-
bility (Equation (8.7), blue).

(b) Geometric situation of Section 8.3 in the tent case.

barphi 10"

(c) Plot of the function (8.5) (orange)
and the base solution (blue), both
rescaled by e~ ¢(@~(tan(@)+3 -a)

1718
1.716
1714
1712
1.710

1.708

barphi

10.10 10.15 10.20 10.25

(f) Plot of the function (8.8) multiplied
—Clp-(tan(@)+5-@)

bye

Figure 57. Numerical analysis of Section 8.3.

the arc is not admissible having A¢ < 0, so that the solution will be the tent. The final value in the arc case is

v

- 2
Topt(¢p) =

sin(a@)

M

sin(a)

_ ¢ COU@ 2T +a-(G+AG) _

L Lo _ b—2n-7
oCOU@(G~(G—27-F+AJ+p+F-@) _ jcot(@) (@—2m) _ / ¢ ° peotad’ g o —h
0

N = e
ecot(a)((p 2m) _

cot(a)

cotd(¢p—-2m-5) _ 1

(8.5)
h.
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3.5
3.0-
2.5+
2.0-
; — ‘ — — —L tau
2 3 4 5
(a) The optimal candidate rqpt(¢) for ¢ = 2m +tan(@) + % (b) Numerical plot of the functional (8.9).

Figure 58. Analysis of Section 8.4.

which is positive > 1.6e/@~(z -a+@n@) 4150 in the region where A¢ < 0, see Fig. 57c.
We next compute the tent case with final angle 8, which we know to be the optimal angle at the end point of
the segment h: the saturation gives here

0= (£1c08(@ + hcos(@ - 0) +sin(@ - 0)) - cos(@)(p - 27 - g +ht)
= h(cos(@—0) — cos(a)) + sin(a — ) —cos(d)((ﬁ—Zn— g)

. cos(a@) (q’b—zfrj %) —sin(@-0) ' (8.6)
cos(a —0) —cos(a)

This quantity is positive only for (see Fig. 57d)

sin(@ — 0) sin(@) — sin(a@ — 0)

- b4 T
$=2nm+—+ =2n+g+tan(d)—

b4
— — =27+ — +tan(@) —.787658 = 9.48195.
2 cos(a) cos(a) 2

The angle between the ray departing from the origin and arriving at the end of the segment & and the segment
with angle 6 is
A A T A
mT—6- > + arctan(h) = — + arctan(h) - 0,
so that the requirement to be > 7 for admissibility gives

N - n  sin(a@) — sin(é) cos(@)
h=tan(0) =.554249, ¢=2n+ -+ — =10.0161. 8.7)
2 cos(a@) cos(0)

The point (h, $) = (.554249,10.0161) belongs to the curve where A¢ = 0, and from that point onward the value
h given by Equation (8.5) is inside the region where A¢ < 0, see Fig. 57e.
The final value of the solution for the tent case in the admissibility region is

ecot(a)((/}—zn—g) -1

- cos(arctan(h) — ) 5 50 ) (B
— /1 h2 cot(a) 2m+a—0) _ ,cot(a)(p—2m) _ —h, 8.8
Topt(¢) ( sin(a@) * )e ¢ cot(a) (8.8)

with £ given by (8.6). A numerical plot is in Fig. 571.
We summarize the results in the following lemma.

Lemma8.2. Ifpe2n+ 5 +0,tan(a)—- Sin(%ﬁggo_‘_g)], the optimal solution is a segment in the direction ¢ followed
n T s sin(a@)—sin(@—)
by an arc. If p € 2 + 5 + [tan(a) — os@

positive.

,tan(a)], the optimal solution is the tent. Both solutions remain
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8.4. Optimal solution candidate for ¢ = 27 + 7 +tan(a): see Fig. 58a. We first observe that by Proposition 7.7
the tent is admissible.
Next we have to apply the formulas of Lemma 7.4 in the saturated part, in order to compute the final value
Topt(¢). Using Lemma 7.9, we need to estimate the function
_ 1-cos(6) —C2n+a)

7)— — e p(T-1), T=1. (8.9)
cos(a —6) — cos(@)

A numerical plot is in Fig. 58b: we observe that it is positive and increasing for 7 € [4,5]: then by Lemma 3.14
we conclude that

Proposition 8.3. For 7 = 1, the optimal solution rop; is made by a final tent with initial point in T -1 and
moreover rop(¢) > 0.

8.5. Asymptotic behavior of the optimal candidate. We can compute the asymptotic value of the optimal
solution, using the asymptotic value of the fastest saturated spiral 7,-o(¢) given by Theorem 5.1 for ¢ > 1:

o p-Ctan(@+Z-a) ) e C2n+%) _ p—cn+ ] +tan(@) o )
Fazo (¢) - 2¢ec¢( — _ e—c(2n) _ _ — cot(a@) e—c(2n+§+tan(a)))
sin(a@) c
= asympt(/)eap-

with Kasympt = 0.149681.
One thus obtain the estimates for the tent computations of Lemma 7.4

- 0 ~ o _
QZ _ QO = ¢!@-21-a) / ol® Fazo(@+ (- 227 + a))) do
0

sin(@)

) 7 Ep-22n+a) 0

on—a) P’ ;
~K tet((b 2m—-@) — e e d

asymp sin(a@) 0

_ 7 L E(@-2Q2n+a)) ,(E+1)0
_K WG-2n-a) P’ e -1
= Kasympt€

sin(@) c+1

PefP-22m+a) 5% _ cog(0)) +sin(0)
sin(@) 1+¢2
= 0.564562 Kasymprpe” @270,

A A o 2 ~ )
(Q2—Qo)- e o) Kasympt

Pet@-22n+a) (€% sin(a) — sin(a + 0)) + (% cos(@) — cos(a@ +6))
sin(@) 1+ ¢2
= 0.576096 Kasymprpe® @27,

A A H— W +a+0—=%
Q200 - el(¢ @r+a)+a+6-3) Kasympt

0 = P - 7 EB-22ntd) 40
N Fa=o(w+ 22n+a e e 1
L:/ SRR C AT VPPN il _
0 sin(a) sin(a) c
= 0.588497 Kagympipe’ 22T+
; (G2 — Qp) - e O+@=2Cm+aN) _ | 1 (1 - cos(@)r(p—2(27 + @))
0 =

cos(a—0) —cos(a@)
o+ e(éu)ﬁ_l 0 eé(?_l
sin(@) e )

HG-Crrd) 1-cos(9) +

~K, be _
asympt) cos(@ —0) — cos(@)

= 0.306042Kysymppe® @7+ ),
_ fosin(a+ 0) + io sin(@) — (Qz — QO) . el(d+é—%)
- sin(a@)

~ 1.15869 Kysympipe® @~ CT0+0),

A

r2
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so that the final value is computed via the comparison with the saturated spiral, see Equation (7.9), as
Fopt (@) = (P2 — Faco(p — 7 + @) +0)) e @0 L () 7,
~[(1.15869 - eéé)ecot(d)(2n+d—é)—é(2n+a) +1-0.306042¢C@T+D) ] KasyTnpt(Z)eEJ)
= 0.976359 Kasymptpe™®.
We thus have proved the following result.

Proposition 8.4. The optimal candidate solution at ¢ can be estimated as

Fopt () = 0.976359Fa—0 () + G (1)
for ¢ — co.

In particular, we gain 2.4% using the tent w.r.t. the saturated spiral. However observe that asymptotically
£o ~ 0.3F3=0, so that the spirals Fa—g and rqp are quite different.

9. SEGMENT-SEGMENT CASE

In the following subsections, we analyze the case where the fastest saturated spiral starts with a segment,
and the perturbation of the optimal solution is a tent: we call it segment-segment case (or segment-tent case).
This is the unique possibility for 7 = 1 by Proposition 7.7.

Depending on the relative position of ¢y and ¢, 8 cases have to be considered: we will study them in the next
subsections, and we will show that the derivative of the optimal candidate is always positive for all admissible
perturbations. The fact that we need to consider several cases is due to the presence of the negativity region:
indeed in this case we cannot rely on the estimates of Lemma 7.9, and the only way is to use the explicit formu-
las of Lemma 7.4. For more clarity, see also Figure 49, where there are the different cases based on the choice
of ¢. We recall that the angle 0 is the angle formed by the initial segment [P}, P»] of the fastest saturated spiral,
with P; = {(sg).

9.1. Segment-segment with (ﬁ €¢o+(B (o), 2m+ ] —é], see Fig. 59. In this case 7(¢h; so) = 7(¢h; So), because the
derivative 67 (¢; so) = 0: indeed ¢ is outside the region of negativity Negm. This fact gives by Proposition 6.15
the following

Lemma 9.1. If ¢ € ¢o + (B (Ppo), 27+ 0 — 0] and 7 = ¥ is in the segment case, any non-null perturbation of the
optimal solution is strictly positive at .

Proof. Fix indeed ¢ € [B~ (o), 27 + 6-0]. In Py = {(sp) compute the fastest saturated spiral: we know it is
optimal whenever 8 — 6y = 6 > 0, that is, it is outside the negativity region. Thus in the tent solution ¢,=0, and
this corresponds precisely to the case of Figure 59. 0

9.2. Segment-segment with ¢ € ¢g + 27 + (0 — 0,0), See Fig. 60a. This situation occurs when ¢ is inside the
negativity region Ngegm: it is thus more convenient to take an initial segment in the direction ¢, because the
derivative 87 is negative according to Proposition 6.7.

The spiral f , corresponding to 7(¢; sp), is thus made of a segment [Py = Py = Py, P~ = Py] and a second
segment [P}, P,], forming an angle equal to the critical value 6. The assumption to be in the segment-segment
case enters here because the second segment corresponds to the fastest saturated spiral starting in P;: in the
next Section 10.1.1 we will address the segment-arc case, where after P; the fastest saturated spiral starts with
a level-set arc.

In order to prove that any perturbation is positive, we compute the derivative w.r.t. an initial perturbation.

First of all, if pg + B (¢ho) + 27 > ¢, we are not in the optimal solution: indeed this would imply that

5F(; s0)— = 6F(¢h; 59) > 0.

Hence the situation to be considered is as in Fig. 60a.
The variations are

6130 = 5806”43_9), 5131 = 5130 +5€0€“’B = 58081((&_9) +6[0€l¢;,

5By = 6P, +60,"90 = 5500'P0) L 50,6 + 50,60,
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7(; 50)

derivative is < 0.

Fiso),

F(¢p; s0)

F(¢h; s0)
P =p 6.0
4y
/o 5.5¢
oy .
0 =Py =Py 500 1—:05(916) _ ecot (@) &
1-cos (6)
4.5 0
40"
! ! ! theta
05 1.0 15
(a) The perturbation of the optimal solution 7 for the case (b) Plot of the function (9.1), whose minimal value is
of Section 9.2. 3.45283.

Figure 60. In the first figure, in blue the fastest saturated solution 7 is represented, while 7
is in red. While 67 (¢; sp) < 0 (variation of the distance of the final point from Py),
it holds §7(¢p; so) = 0 (variation of the distance from P~), giving the optimality in
this case. It is also represented the angle 6 (magenta), formed by the direction of
the perturbation and ¢.

where we recall that
by =|P1—Pyl, €1=|Py—P1l.

The vector relation among the above quantities is

SFao(p— 21— G +0)e' 0= _5p,
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because the angle of the optimal ray with { at B, is constantly equal to @ by construction, see Fig. 60a. Project-
ing the above equation one obtains

0=l @+3+0-@ 5P,

=§sgsin(@—0—-0) + 8¢y sin(@—0) + 64, sin(@),

5y = 6B, " P0-8 — 55 cos(@—0 —0) + 80y cos(@—0) + 8¢, cos(@)
in(+0 in(d
W040) 57, S0
sin(a) sin(a)
where we have used the first projection to replace 6¢;.
The saturation condition at the point P, + § P, gives
0=25F,—cos(@)(6so+64o+6¢1)

=6 so(cos(@— 0-0)- cos(@)) + 62 (cos(@ — 0) - cos(a)),

= SO

so that

500 = —5s, cos(a@—60-0)—cos(@)

cos(a — 9) —cos(a)
sin@+0) (cos(a — é) —cos(a)) — sin(é) (cos(@—0 —0) — cos(@))

O =05 =
27 o sin(a@)(cos(a@ — ) — cos(@))

t(a R R
= 5s0——2M D (Gin@)(1 - cos(®) + (1 - cos(@)) sin(@)).
cos(@ —6) —cos(@)
As in Corollary 6.6, the ODE for the perturbation divided by d so becomes
SFp—-0-) = ecot(d)(2n+d—9—9)6’v,2'

6?((5—) — ecot(a)(2n+a—0)5’v.2 _ ecot(a)B’

and then the final value is computed as

6?(([_)) — 6fzecot(d)(2n+d—9) _ ecot(d)e — 80

cot(a)

= A (sin(0) (1 - cos(d)) + (1 — cos(6)) sin(§)) e @ @ +a=0)
cos(a —0) —cos(a)

- cos(d—é—@) —cos(@)
_ ecot(a)H +

cos(a — 9) —cos(a)
_ 1-cos(@ +6) _ ptot@0
1- cos(é)

where we have used the definition of §, namely (see (6.7))

cot(a) (1 — cos(@))ecot@@m+a=0) _ |
sin(@)
A numerical plot of i R
0 6f(d)) _ 1(1—C03(0+9) _eCOt(d)H) 9.1)
0 ' 1-cosd) .

is in Fig. 60b: the function is strictly positive, with minimal value

1/1-cos@+6 a in(0
lim —(Lﬂ — eeot@) - _Sin® @) = 3.45283.
6—00\ 1-cos(®)

1-cos(0)
We have proved the following result.

Lemma9.2. If}pe ¢po+2m+ (0 - 6,0), any non-null perturbation of the optimal solution is strictly positive at ¢
forB €10,m].

Remark 9.3. From now on we will write the formulas for the perturbation of { ,Z omitting the term d'sy.
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(b) The geometric situation of Section 9.4.

(c) The geometric situation of Section 9.5. (d) The geometric situation of Section 9.6.

(e) The geometric situation of Section 9.7. (f) The geometric situation of Section 9.8.

Figure 61. The various geometric situation for the segment-segment case
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ol P L tau
0.20- 11 1.2 13 14 1.5

theta
3 —eh s,
“ehsrd) (b) Minimal value of the function &¥—5"-% Bb;r(qb) ,i.e. when 0 =
. e r
(a) Plot of the function —;——. z

Figure 62. Numerical analysis of Section 9.3.

9.3. Segment-segment with ¢ € ¢ + 27 + (0,27 + @ + 0 — 0 — 0): see Fig. 61a. In this case the full tent is con-
structed, so that we can use the formulas of Lemma 7.4 to compute the perturbation 7(¢; sp). In this case, we
have that the base of the tent is not perturbed, so that we are in the situation of Fig. 53 with

{=1{(0,0)} because ¢o=¢-2m—a=po+0—a 1 =Po+60<po+21—6-6.
The computations are thus explicit: the quantities of Lemma 7.4 are computed in this case as

7o (1 — cos(0))
cos(a — é) —cos(@) '

fo = 67 ((o; S0), o =

. fosin(@+0)+Zosin(d) PR
B ' cos(a@)

sin(a)

The numerical plot of
e~ Cn+a) _ —C2m+a) . _ - 5 - ~
gz 07 50) =~z | (P2 = 87 (s 50)) DT 1 57(hy 50) — by

is in Fig. 62a: its minimal value is > 0.2.
We have proved the following result.

Lemma9.4. If$ € po+21+10,27+a+6-0), any non-null perturbation of the optimal solution is strictly positive
at ¢ for0 € [0, 7).

9.4. Segment-segment with ¢ < o +27+0—0, P, € po+27+[0—0,0): see Fig. 61b. Since the angle ¢ is fixed,
the idea here is that we perturb the point Q,, while the perturbation of the point Qy is §Qp = 0. Because of the
relative position of ¢ with respect to the perturbed point Q, + §Q,, we see that the perturbation of the point

Az is the unit vector e! - ,where 6 =6 — o is the angle introduced in Section 6. Hence the formulas o
the unit vector e!@0+27+0-0) \here § = § — @ is the angle introduced in Section 6. Hence the fi las of
Lemma 7.4 become

50s— 560y = ez(¢0+2n+é—6) — el(J)—(ZJHd))et(¢0+é—d—9+2(2n+d)—(ﬁ) _ el((ﬁ—(2n+d))el((2n+c‘r)(2—f)—9)’
(6Q2-6Q0)- ! $-Crr@+0) _ ¢ (en+a)@2-7)-0-0),
(6Q2 - 5Qo) - "+ DD (3-8 = cos (2n+ @2 - F) -0 -G -0+ g)
8L=1, 87="57(Po) =8p(Fe)e > Vo,
In terms of 7 the interval of interest is

0+6 max{6, 6}
1- —<To<l———.
2n+a 2n+a

The functions fo, fa, / 1 are computed according to Lemma 7.4.
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020]
0.15F
5 PZ (T) e © (2m+@) T
L a\2
B
0.05F
02 04 06 0.8 o oM
(a) Plot of the function (9.2). (b) Minimal value for the function (9.2) with 6 = 7.
Figure 63. Numerical analysis of Section 9.4.
In Fig. 63a we numerically plot the function
1 o comaqs € C@THAT D omsad 5 5 . .
ﬁaf((p)e—c( AT —— [eCOt@DCT+A=0)(57(¢hy) — 5F(h2)) + 87 (P) — 6], 9.2)
corresponding to the quantity computed in Equation (7.9), which follows with the comparison with the sat-
urated spiral. We compute this quantity as a function of 7 = (1-¢)(1— 2(3;6@) +c2- %), ¢ €10,1]. The
function is strictly positive, with minimal value greater than 0.2in0 =n,7 =2 - 2’;1%.

We thus have proved the following lemma.
Lemma 9.5. Ifpg < o +2m+0 -0, € o+ 21+ [0 —6,0), then 57(p) =0 for® € [0,7].

Remark 9.6. Note that the asymptotic behavior 67(¢) = 0 as 6 — 0 for these angles (see Fig. 31) becomes now
87(¢) = 62, showing that the tent has a regularizing effect on the dependence w.r.t. 6, while 57 ~ —1.

9.5. Segment-segment with g < ¢ + 27 +60 — 0,1 = ¢ + 27 + 0]: see Fig. 61c. Because of the conditions on
¢, we have in this case that the point Q. and its perturbation lie in the saturated part, so that

80s— 500 = 57(hy — 27 — d)el(¢0+9—d+(2n+d)(f—2+f)) —5p(F -2+ f)eﬁ(2n+d)(f—2+f)ez(¢0+5—d+(2ﬂ+d)(f—1))el(é—d)’
(562 _ 500) . !@-@m+a)+6) _ Sp(E—-2+ 1)fRTTOE-2+1) (o0 ().
(602 -8G0)- oG-t @)+0) Hi(-F+a) _ Sp(F =2 + 1) fRTHOE-24) o (g _ 2&),
See the auxiliary picture 64 for reference. In particular we have also

Q2r+a)(T-2+1) g
r(¢p2) 6¢2+/ 5r(qb)d
0

5IA,=1+6|P2—P1|—

sin(a@) sin(a@)
@r+a)(T-2+417) §=
[Equation (6'2)] = 1_C—O-S(m +/ e 57‘(([3) do = 1_.00_5(0) ecot(d)(2ﬂ+d)(f—2+f')’
sin(@)? 0 sin(@) sin(@)?

We also remark that the previous computation follows by the expression of 67 that can be recovered from
Proposition 6.4. Finally

8fo=0p(T —1)e O,
In terms of 7 the interval of interest is

N

0
- - <7T<2- -, 06<80.
2n+a 2n+a

In Fig. 65a we numerically plot the function

A0 TN ,—CRT+A)T —cRn+a)T ) . 5 . B R
57’((/))802 _ e — [ecot(a)(2n+a—9) ((‘5?(([)2) _ 51’((/)2)) + 6?(([)) _ 5(01’ 9.3)
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Figure 64. The spiral and its perturbed one in the case of Subsection 9.5.

,>’//
sigma N\« 02 0.04]
\ e theta

h - 0.02
\ o4

’ - - - - — sigma
10 0.2 0.4 0.6 0.8 1.0 ¢

(a) Plot of the function (9.3). (b) Plot of the function (9.3) when 6 = 6.

Figure 65. Numerical analysis of Section 9.5.

0

5775)» 6 € (0,1). The function is strictly positive with minimum for 6 = 6

asafunctionof T=(1-¢)2-7)+c¢c(2—
and value > 0.14.
We thus have proved the following lemma.

Lemma9.7. Ifo < po+2m+0 -0, = o +27+0, then 57(¢p) = 0.
9.6. Segment-segment with ¢y = o + 27 +0 — 0, p1 < P + 27 + 0: see Fig. 61d. We compute in this case
5Q,-6Qy=0, 8L=0,
8y =0p(F — 1)@ VD,

In terms of 7 the interval of interest is

2n+a
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i
3
r 5 ?2 () ef(z &) T
20 -
, &
L
- - - - sigma
0.2 0.4 0.6 08 1.0
(a) Plot of the function &7(¢) /6. (b) Plot of the function §7(¢)/n? (minimal values).
Figure 66. Numerical analysis of Section 9.6.
X (h) p—CR2T+a)T
The situation is very similar to Section 9.1, and the function 5r(¢)ee—2 asafunctionof 7= (1-¢)2-3 ﬂ9+ 2+

¢(2-1),¢€(0,1), is plotted in Fig. 66a, while in Fig. 67a the minimal values are plotted for 6 = 7 /2.

Lemma9.8. [f2— 50— <7 <2— -0 then5#($) >2.9162, 0 € §,7/2].

+a 2n+a’
9.7. Segment-segment with ¢y = o + 27 + 0 —0,p1 = g + 27 + 0: see Fig. 61e. In this case we have
AQ =680, —8Qy =67(py — 27— d)el(¢o+é—d+(2n+d)(f—2+f)) _ ! P0+0-0—(po+0-a+@2n+d)(F-1))
— 5p(‘f 24+ f) eé(2n+d)(f—2+f)ez(¢o+é+(2n+d)(f—l+f))ez(é—&)
_ ol Pot0-a+@u+a)(F-1) i(-0-2r+@) (F-1))

We remark that the change of variables we have used is

p=po+0—a+Q2rn+ar, =

2n+a’
In particular we have denoted by 7 that value corresponding to ¢.

AQ- ! $-@m+a0) _ 557 5 4 £)fRTTOE-24D) c0q(G) — cos(—0 — (27 + &) (T —2) - 6),

A 7 = ~, A_T = ) (7 S T A T
AQ- ! P-CrraA+@+6-3)) _ 55(F — 2 4 1) CRTHA(T-24D cos(g —Zd) —cos(—Q —@2rn+a)T-2)- ([x+0 - 5)),

@r+a)(7T-2+1) s=
6L=01P~ Pyl - L 22 5</>2+/ o1
sin(@) 0 sin(@)
_ 1-cos(0) @) (F-2+1) 57 ()
(6] =1+ —gar +/0 Nl

1-cos(0) COU@ 2T+8) (F-2+7)
sin®(@) ’

8y =0p(F — 1)@ VD,

The interval of interest is R
min{0,0}  _
2-——=17<2, 0¢€(0,m.
2n+a

M as afunctionof T=(1-¢)(1 - M) +2¢,¢€(0,1):

In Fig. 67a we numerically plot the function STrd

its minimal value is for ¢ = 0,0 = 7/2 and > 0.59 (Fig. 67b).
We thus have proved the following lemma.

Lemma 9.9. Ifpg = o +27m+0 -0, = po + 21 + 0, then 57 () = 0.590°.
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1 theta

06:
05"
04"
5 ?.2 (T) e—c(Z 7r+zx_) T
03" -
(3)

02"
01r

F - - - - “ sigma

0.0 02 0.4 0.6 0.8 1.0
con SF() /62 ion §7(5) /02 =
(a) Plot of the function 67 (¢)/0°. (b) Plot of the function &§7(¢)/6“ for 6 = Z.
Figure 67. Analysis of Section 9.7.
_cos (6 eff(Z ma) 2 f7
12, o [(l ‘6’)7 7] (=-2)
cos(a—s)—cos (a)
11 —
2]
10/
09"
08"
07"
: : : - : — tau
25 3.0 35 4.0 4.5 5.0
(a) Plot of the function (9.4). (b) Plot of the function (9.4) for 6 = Z.

Figure 68. Analysis of Section 9.8.

9.8. Segment-segment with 7 -2 > 0: see Fig. 61f. In this region the base of the tent is a convex curve, because
67 = 0: we can thus apply Lemma 7.9, we need just the positivity of
e~ 1-cos(d) R 1 (1-cos(@))ec@r+a2
— 67 (o) | = —(6p(@) - = 6p(T-2)
62 cos(@ —0) — cos(a) Po ) 92( P cos(@ —0) — cos(a) e )
A numerical plot is in Fig. 68, where one observe that is is positive and strictly increasing.
We thus conclude that

, T>2. 9.4)

(67 -

Lemma 9.10. If7 =2, then 67 () = 0.
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(b) The geometry to compute the variations of the points
(a) The geometric situation of Section 10.1.1. in the arc case.

Figure 69. Analysis of Section 10.1.1.

10. STUDY OF THE PERTURBATION TO THE OPTIMAL SOLUTION IN THE PRESENCE OF AN ARC

In this section we address the case when the optimal candidate we are going to perturb contains a level set
arc. More precisely, four situations can occur:

(1) the optimal candidate spiral ¥ starts with a segment at ¢ in the direction ¢, and exit the negativity
region in the arc case, Section 10.1.1 and Fig. 69a;

(2) the optimal candidate spiral 7 starts with an arc, then a segment at ¢p = ¢ — 27 — 7 in the direction P,
and exits the negativity region in the arc case, Section 10.1.2 and Fig. 70;

(3) the optimal candidate spiral 7 starts with an arc, then a segment at ¢ = ¢ — 27 — % in the direction ¢,
and exits the negativity region in the segment case, Section 10.2.1 and Fi. 72a;

(4) the optimal candidate spiral 7 starts with an arc, then a segment and a saturated spiral, next at ¢ =
¢-2m— Z we have a tent, Section 10.2.2: the 10 different respective positions of the arc and the tent are
presented in Fig. 73.

By Proposition 7.7, only the last case can occur for 7 = 1. In particular, when we are in the saturated region for
¢o (the angle at which the tent starts), the tent is admissible, so that the following situation is not happening:
the optimal candidate starts with an arc, then a segment and a saturated spiral, next at ¢ = ¢y — 27 — @ there isa
segment in the direction ¢ and the last round starts with an arc.

10.1. Segment-arc or arc-arc cases. These situations can happen only when ¢ — 27 — ¢ < w, i.e. 7 <1 by
Proposition 7.7.

10.1.1. Segment-arc with ¢ € g + 27 + [0 —0,0): see Fig. 69a. Setting for simplicity ¢ = 0 and with 6 the angle

of the perturbation of the point Py, the variations of the positions of the points is (see Fig. 69b):

3 - . . 6P e

§Po=e"0, 8B =5Py+500e' = 6Py +800e®, 6§ = Te)
(-

N N H_ 71 o] H_T v v ] 7 v 6137 10 v
6P1 = [6P7 . el(eff ]61(6+A¢7§) + f((pl)(s(Pl el(9+A¢), 6(P1 = Tf) +6A(p,
(b

where the first term is the variation of the level set and the second is the variation of the angle along the level
set. Using Formula (6.16) we have used the fact that (Z)‘ = —% + 60 — 27. Moreover we have

6p2 = 6ﬁ1 +5élel(é+A¢) + 5(,Blglei(é+AJ)+%).

For reference compare the previous formulas with (6.16),(6.17). The optimality condition requires by Lemma
6.16 that

0=nhi(Ap), 80=56¢ = %ﬁf’)m(ﬁ,
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and the saturation condition reads as
0=5D, ¢! @+dd-a _ cos(@)(1+ 600~ F(GTI8¢™ + AG(5P™ 'O D) 1 F(1)o) + 501
= (68, - "0+ cos(@) + 6P, - '+~ sin(a))
—cos(@)(1+600 — FGIEG +Ap(6P - e"OD) + F ()51 + 601
= ((71($1)8¢y +0601) cos(@) + 6P, - '@ +2%D sin (@)
—cos(@)(1+600 — FGIOG +Ap(6F D) 1 F (1o +001)
= 6B, - ! 0+2=5) gin(@) - cos(a) (1 +800—F()OF +AP(5B -el(é‘%))).
The final value is computed by

5D, - e!0+2p-5)

SF() = '_ ecot(d)(2n+d70VfA(ﬁ) — e @0 _ 55,
sin(a@)
t(@ o . . . . . . . ) I
= z;)ngg; (1 +600—(cos(@+0)+8gcosB)) +Ad(sin@ +6) + ¢ sin(B)))ecm(m(z’”“*e*w)

_ ecot(d)@ _ 520.

Using (6.22) we simplify into

S5P(P) = c?t(c_z) (1-cos(@ +6) + Adsin(6 + é))emt(d)(zm‘i_é_&z’) — ecot@o
sin(a)
= gCoU@®0 (—C?t(?) (1-cos(0 +6) +Adpsin(0 +0)) eCo@@m+a-(0+6)-2d) _ 1),
sin(a)

which is = 0 unless 6 = 0 by Lemma 6.16.
We thus have the following result.

Lemma 10.1. If$p € po+2n+15—6,%), then 57 () = 0.

10.1.2. Arc-arc with2m + % < ¢—po <27+ 5 +Ad: see Fig. 70. The angle A¢ is the angle corresponding to the
arc of the level set for the fastest saturated spiral {. We first observe that the angle at the point P, is

o — o < tan(@) + 0+ Ad+ g —-a
. . T T (10.1)
< tan(@) + max{A¢ + h (AP)} + 5 -a<bsa<2n+o -0,
so that the end point is always inside the first round. We thus have
5Py =e'Wtz-0 5P, = sin(@)e! @213,
8B =600e" P2 1 5in(0)e'$273) | 5P| = L80! P2THD) 4 5P plP-21+0-F) prd-2mta-5)
5Py =8Py +60,e"9+D — {50! P,
Using A¢ = ¢ — 27 — o — 5 and denoting
@ =0+Ad=hi(AP) + A,
the saturation condition is
0=08D,- e @2m+0-0) _co5(q) ((1 —cos(8) +Sin(O)AP) + 68 — F~ ¢ + 5P - ' P2 -DING 1 7 5, + 6(71)
=8P, - ' P-21+0-0) _J. 5sin(Q)
— cos(®) ((1 —cos(0) +Sin(O)Ag) + 680 — 5B~ - @210 | 5p= . g @21 0-DI NG | 5P . ¢l “f’—z”“b))
= 5B - 20D gin(@) - 7,66 sin(@)

—cos(@) ([1 — cos() +sin(0) A¢p) + sin(6) sin(0) + sin(6) cos(@) A + 6[70(1 —cos(6) + sin(é)A(ﬁ)).
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Figure 70. The geometric situation of Section 10.1.2.

The final value is

5132 . ez(J)—ZJHd)—%) eoot@Ap _ 1

5’z(¢‘)) S ecot(&)(2n+d—tl)) _ ecot(d)(A¢+0) + COS(Q)ecot(d)Agb —sin(@) —8 —— — 5[70
sin(a) cot(a)
5— p—2n+0-2) _ J o~ DA
_ SP-e'® .HI_) 2 - 0160 UM RT+E-5) _ (cot@AP+0) 4 06(0) o@D _ gin () em::i(;_ 1 — 50,
sin(@
= &f‘; ecouM@n+a-a ((1 — cos(0) +sin(0)Ap) + 60g — 5B - @210 4 5P e"‘f’—z”+é—%)A<ﬁ)
sin(a@
_ _ ecot(d)A<p -1 .
— eCOUDBDHO) | 045(9) COUDAD _gin () i@ 50y
cot(a
t(a _ .
= —zfnggi ecot@@n+a-o) ((1 — cos(0) +sin(6) A¢p)
+5in(0) sin(0) + sin(0) cos(0) A + 5?0(1 —cos(@) + sin(é)AJ)))
_ _ ecot(d)A¢ -1 .
— eCOUDBDH0) | 045(9) eOUDAD _gin () ———— — 57,
cot(a@)
)4 . X M . v A
B s(lg)(e ; Big)i;sm(md) — oD 1 co5(9) (e« @A 1) — sin(0) —m::i(;)_ :
1-cos(0) +sin
_ 1—cos@+6)+ si{l(e + é)%(ﬁ-i:sin(e)A(p _ oo@ag+6) cos(® +.@) ecot(d)A(_p 1 ’
1—cos(0) +sin(0)A¢ cos(@)

(10.2)
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0.2 dtheta

(a) A small neighborhood of the region <244 (1 — cos(0) +

sin(a@)
sin(f)Ag) et @@ +a=0-A) — 1. jp orange the plane (b) The function §#()/0 for various values of 6 € (0,7/2]
R? x {0} and in blue the previous function. in the same neighborhood.

Figure 71. Analysis of the final value of §#(¢), Section 10.1.2.

where we have used (6.22), and we rely on the observation that the final angle is before 27 + 7 — 0. The second
derivative w.r.t. A¢ is

0% 57 = - :101;[52; DGO (co5(@) — cos(a + B)e @) <,
so that the minimal values are for A¢ = 0,tan(a). The first case corresponds to the previous section, while for
A¢ = tan(a@) we plot the function § f(([))/ 0 in Fig. 71b in a neighborhood of the curve determined by (6.22): the
function is positive > 4.56.

Lemma 10.2. In this geometric setting it holds 67 () = 4.50.

10.2. Arc-segment case. The situation is when the initial spiral 7 starts with an arc, and later 7 closes with a
tent. This is the unique situation in the saturated region. There are several cases depending on the position of
the segment w.r.t. the arc.

10.2.1. The tent starts inside the arc: Fig. 72a. In this case the analysis is the same as in the arc-arc case, by
setting A(I) =0 and 6 = 0: as before we are left with the case A¢ = tan(a@), thus the final value is

1-cos(0 +0) +sin() tan(a) _ plteot(@o cos(0 + @)

1—cos(d) cos(a)

SF(P) = (e-1). (10.3)

The plot of this function is in Fig. 72b.
Lemma 10.3. In the above situation the perturbation is positive > 140.

10.2.2. Arc-tent case with the final tent in the saturated region. The 10 cases representing the relative positions
of the initial arc and the final tent are represented in Fig. 71.
We will use the tent formulas of Section 7.2.
Casel: p—2Q2n— @) — o € (0 — @, 27 + % —60—0): in this case 6@0 =0, 6@2 =0,5L =0, so that (see formulas in
Lemma 7.4)
1-cos(@)

cos(a — é) —cos(a@) ’

by =67,

cos(a@) —cos(@+6) (Cot@0)

Ofy— 07 =5f‘0( )>0.006695f0 >0, (10.4)

cos(@ — 9) —cos(a)
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Lcos|o:6)rsine) @ i oz o cosord) (el
s oI Fant® 4 Sosteem) ey

1-cos(é)

o

theta

0.5 1.0 15

(a) The geometric situation of Section 10.2.1. (b) The plot of the function (10.3) divided by 6.

Figure 72. Numerical analysis of Section 10.2.1.

Figure 73. The 10 possible relative positions of the arc and the tent in the saturated region:
in green the number of the case considered in Section 10.2.2.

and we thus just estimate
6f((Z)) — (5?2 _5f2)ecot(d)(2n+d—é) +6’—;(J)) _ l?()
1-cos(d)

cos(a — é) —cos(a) '

> 67 (p) — 679
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1.0
"P ~— sigma

0.5 /
0.4
co ~ S5Fg (l—cos(é))
0.3+ € [6 r cos (E—é) -cos (@)
7\2
02 (3)
01"
- - - - sigma
0.2 0.4 0.6 0.8 0
Figure 74. Numerical plot of the function e (57 (¢) — 67 COS(;‘_%‘;S_(f;S(d) ) and its worst case
for 6 = 7,A¢ =0, Case 1 of Section 10.2.2.
A numerical evaluation of the above function is in Fig. 74 as a function of 7 = (1-¢) +¢(2 — 9;7??;6),
¢ € (0,1), where one sees that it is larger than .35e°?0(0 + A¢g).
Case2:T€e(1,1+71,),T+T—1€(71,72): here the end point of the tent is in the region (r1,72) = (1 - %, 1-

%), while the initial point By is in the saturated arc before, so that using 7 = 0 as the reference direc-

tion for computing the angles (i.e. ¢ + 5 + A¢ — @ is mapped to 0), we have:
Pp-am—-a<a-Ap—-0, a-Ap-0<P—-4n—a+0<a—Agp,
SAQ=e' @270 SAQ. e @ DT — o5 (2 + @) (T —2) + AP+ 60 +6),
6AQ- @IS < cos((2r+d)(F-2) + Ap+0+0+a— ),

6L=1, 6fy=0F(p—2r+a)).

Recall that
. 0
i= -
2n+a
The plot of the function
e ST DT 5 (¢h) 0+0+Ap max{0, 0} + Ap
—_—, T=(1-9¢)|12—-— 2——, 0,1), 10.5
0(0+ Ag) 7= C)( 2T+ a )“( T+ d ) ce©1) (10.5)

computed according to the formulas of Lemma 7.4, is in Fig. 75, which is strictly positive:

e—é(zn+d)f6f(¢_))

>0.54.
00 +Adp)
Case3:T€(1,1+71,),T+T—1€ (12,1): here the initial point of the tent is before 7; = 1— g;fg, and the final
pointisin (r2,1) = (1 - %, 1). As before setting T = 0 as reference direction, we have thus

p-An—a<a-Ap-0, a-Ap<p-an-a+0<a, 0<0,

5AQ=sin(@e' %%, 5i=1-cos®) +sin(9)(<i>—4n— a+0+Ap— a) Sfo = 8F(P— 2m+@)).

The plot of the function
e ST AT 5 (¢h) 0+ A max{f + A¢p, 0}
—, T=(1-¢)|2- — 2———, 0,1), 10.6
00+ Ad) T=t C)( 27z+a)+c( 2n+a ) ce@D (106)

is in Fig. 76, showing that
e CRTTITS i (h) > 0.740(0 + Adb).
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0.560
0.558
0.556
0.554 e P51 ()
2
0552 (f )
0.550 "

0.548 |

I . . . L sigma
0.546 - 0.2 0.4 0.6 0.8 1.0 E

Figure 75. Final value for Case 2 and of its minimum, (10.5): the orange surface corresponds
to A¢p = 0 and the minimum to A¢ = 0,6 = 7.

0.749664 |

0.749662

0.749660 | :

i e “?s5r(o)

0.749658 &

0.749656

L L L = sigma
0.2 0.4 0.6 0.8 1.0

Figure 76. Final value for Case 3, Equation (10.6): the orange surface corresponds to A¢ =
0, and the minimal case is for A¢p = 0,0 = 6 (in the numerical plot we consider
0 =0 —107* to avoid numerical artifacts).

0+Ap
2n+a

Case4: 7€ (1,1 +71;),7T+7>2: here the initial value is before 7; = 1 —
T=1:

region and the final value is after

p-Am—a<a-Ap-0, $>2Q2n+a)-0, APp+0<0.
In particular §Qy = 0, SAQ = 5Q, which reads as

SAQ=6F(Pp—2(Q2m + a@) +é)el((f>—2(2n+d)+9)’

1-cos(®) +sin0)AP coi(a)g-2r+a+h)
sin(@)? ’
b6fy=6F(p— 2n+a)).

5L=

The plot of the function
e~ CCTHAT 57 () 0+ A
—_—, T=(1-¢)|2- — 2- — |, 0,1), 10.7
00+np) 3 ZPHJ+C( 2n+a)ce( ) (10-9

is in Fig. 77, which is strictly positive > 0.74.

Case5:T€(1+711,1+72),T+T€(+71,1+72): here the tent is inside (11,12)=(1—9+A¢ 1- 22

ra L T amva)

A-Ap-0<p—an—a<dp-an—a+0<a-Ap, 0>0,
8AQ=0, 6L=0, 6fy=067(p—(2n+a)).
The above condition implies that 8 = 8. The plot of the function
—5(27‘[+@)‘[’6V I 0+A A
et oreg D0y, oo B
00 +A¢p) 2n+a 2N+ @

, f:ﬂ—c%Z— }qewJL (10.8)
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04 pettaphi

! 0.74850 -

0.74848 -
0.74846
~2

0.74844

0.74842

I L Il L L Sigma
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Figure 77. Final value for Case 4, Equation (10.7): the minimal values occur for A¢p = 0,6 = 0.
05 10

theta 10
0.590 -
15 N 00 0.585
10/ 0.580
0s 0.575F
0.570 "
0.6 3
0.565

Lo w01 gigma
l.Og

0.2 0.4 0.6 0.8

Figure 78. Final value for Case 5, Equation (10.8): the minimal values are obtained for A¢p =
0,6 =Z%.
) 2

is in Fig. 78, which is strictly positive > 0.55.

Case6:T€(1+71,1+72),T+7€(1+731): here the tent starts inside (71,72) = (1 — %, 1- 2n0+d) and ends in
(T2,1):

A-Ap—-O0<Pp—4n—a<a-Ap, a-Ap<P—-dn—a+0<a, APp+60>0,

SAQ = sin(@)e!@—4m-a+0-5) _ p@-0¢-0) 57 _ _ co5(0)+sin(@) (p-22n+d) +O+AP), 8Fy =57 (G- Cn+@)).
The above condition implies that @ = 6. The plot of the function
e CCTr AT 5 (¢h) min{0,0} + A max{A¢, 0}
—qﬁ, 7= (l—C)(Z——_d,)+C(2——¢_
0 2n+a 2r+a
is in Fig. 79, which is strictly positive > .380 (6 + A¢).
Case7:T€(1+711,1+72),7T+7>2: here the tent starts inside (71, 72) and ends after 7 = 1:

A-Ap-0<Pp—4n—a<a-Ap, a<p—4an—a+0, Ap<0,

) ceo, (10.9)

SAQ = 6F(— 227 + @) + 0) !9~ 2@T+ A0 _ p1a-0p-0)
1-cos(0) +sinO)AP cora)g-2n+ar+h) _
sin(@)?
6fy=6F(p— 2n + ).

5L=

L
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theta 0.0
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Figure 79. Final value for Case 6, Equation (10.9): the minimal values are for A¢p=0,6 = 0.
0.602 |
0.600
0598} 05 (@)
7(2
0.596
0.594 |
: L . : — sigma
0.592" 0.2 0.4 06 0.8 1.0
Figure 80. Final value for Case 7, Equation (10.10): the minimal values are for A¢p= 0,60 = 7.
The above condition implies that A¢ < 6. The plot of the function
e CeTHIT5F () min{A¢p +0,0} A
—_—, T=(1-¢12—-——————]|+¢|2- ,¢ce(0,1), 10.10
06+ A9) -9 2t a )+ 2n+d) €00 (10.10)
is in Fig. 80, which is strictly positive > 0.28.
Case8:7>1+71y,T+7<2: here the tent is inside (7, 1):
A-Ap<p-An—a<d—-An—a+0<a, APp>0,
SAQ = sin()e! @=41-+0-5) _gin(@)e!P-41-0-5)  §i —sin(@)0, fp = SF(p— 21 +@)).
The above condition implies that A¢ = 6. The plot of the function
e—E(2H+d)‘l_’6f((I)) A(;b
—_—, T=(1-¢)|2- +¢(2- , ¢e€(0,1), 10.11
0 el 2n+d) ( 2n+d) celdl) (10.1)

is in Fig. 81, which is strictly positive > 0.76.
Case9: 7€ (1+71,,2),7+7 >2: here the tent starts inside (7,,1) and ends after 7 = 1:

A-Ap<Pp—An—a<a, a<p—4an—a+0,
SAQ = 67 (— 221 + @) +0)! @2+ @ +0) _ Gy ) g1 P-4m-3-3)

si= = COS@ +_Sin(9)A¢ (eCOH@ G20 +)+0)
sin(@)?

—1)+sin(@)(-P+4w+@)), 6fy=6F(p—(2m+a)).
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Deltaphi
15

2.0F
e P51 ()
15F
€}
1.0-
o o L L theta
0.5 1.0 15

0.625600 -

0.625598:» el 5 (P)
I 7T2
0.625596 -
0.625594 A
2 ! ! ! : — sigma
0.2 0.4 0.6 0.8 1.0
Figure 82. Final value for Case 9, Equation (10.12): the minimal values are for A¢p = 0,6 = %
The above condition implies that @ = §. The plot of the function
e DTS 7 ) 0+0+Ap max{(6, 0} + Ap
_— T=(1-92—-———|+¢|2——], ¢c€(0,1), 10.12
00 +A¢) T=( g)( 2r+a ) C( ta ) ceOD (10.12)

is in Fig. 82, which is strictly positive > 0.62.
Case 10: 7 > 2: here the base of the tent is after 7 = 0, and in particular the perturbed spiral d7 is positive.
Similarly to Section 9.3, we can thus use Lemma 7.9 and just study the function

: 1 (6 . (1-cos(B))ec@r+d)
00 +agp) P

with p(7) given by Corollary 6.14. The numerical plot of the above function for 7 € (2,5) is in Fig. 83 and
of its 7-derivative for 7 € (4,5) is in Fig. 84: we can thus apply Lemma 3.14 and deduce that

a- Cos(é))e—5(2ﬂ+d)

cos(a — é) —cos(a)

£ Sp(F— 1)), (10.13)
cos(@ —0) — cos(@)

(6p(f) - Sp(F - 1)) >0.59.

00+ Ag)

We collect all the above statements into the following
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1.2+ [(l—cos(é)) e—E(Zm&)] 1)
p(T) - =
110 cos (H—e)—cos(a)
7\ 2
N 5)
0.9~
0.8
0.7-
‘ ‘ ‘ ‘ ‘ C tau
2.5 3.0 3.5 4.0 4.5 5.0
Figure 83. Final value for Case 10, Equation (10.13): the minimal values are for A¢ = 0,60 =
T
do(®) ((l—cos(é)) e’f(zm'a)] (dp(f—l))
0.19863 | dT (cos (5-6) -cos (@) | (d )
0.19862 |
0.19861
0.19860
‘ ‘ ‘ L tau
4.2 4.4 46 48 5.0

Figure 84. Derivative for Case 10, Equation (10.13): the minimal values are for A¢p = 0,60 = 7.

Lemma 10.4. [f the final tent is in the saturated region of F, then 5¥(¢p) = 0, and it is 0 only if the angle 0 = 0.

This lemma, together with Lemmas 10.1, 10.2, 10.3, shows that 6 F(J)) > 0, and it is 0 if and only if 6 = 0,
concluding the proof of Theorem 1.12 using also the results of Section 9.
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APPENDIX A. NUMERICAL CODE FOR WOLFRAM MATHEMATICA

Section 3.2.1

Exponent c(a), Eq. (3.11)

In[7]:= clalpha_] := Logl[(2 Pi + alpha)/Sin[alpha]l/(2 Pi + alpha)

Coefficient a(a), Eq. (3.13)

alalpha_] := (2 Pi + alpha) (Cot[alphal] - c[alphal)

Computation of the critical eigenvalue, Cor. 3.10

lam[alpha_] := Exp[(2 Pi + alpha) Cotl[alphal] - 1]1/(2 Pi + alpha) Sin[alpha] - 1
Critical angle &

baralpha = FindRoot[lam[alphal, {alpha, 1.2}]1[[1, 2]]
1.1783

Critical speed &

1/Cos [baralphal
2.61443

Critical exponent ¢

barc = c[baralpha]
0.27995

Computations of the complex eigenvalues, Fig. 16

Plot [Exply Cotlyl] Sinlyl/y, {y, O, 20}, PlotLegends ->
Placed[ToExpression["\\frac{e~{y \\cot(y)} \\sin(y)}{y}", TeXForm,
HoldForm], {Right, Top}], PlotRange -> {{-15, 15}},
AxesLabel -> Automatic]

Section 3.2.2

Computation for Remark 3.13

Cot [baralphal] - 2 Pi/(2 Pi + baralpha)
-0.428111

Plot of the function (3.19), Fig. 17

Plot [{(Exp[Cot[alphal 2 Pil - 1) Exp[-2 Pi Cot[alphal + alalphal] -
Expl[alalpha] 2 Pi/(2 Pi + alpha)]}, {alpha, 1, 1.3},
PlotLegends ->
Placed[Text[
Style[ToExpression[
"(e~{2\\pi \\cot(\\alpha)} - 1) e~{- 2\\pi \\cot(\\alpha) + \
a(\\alpha)} - e~{a(\\alpha) \\frac{2\\pi}{2\\pi + \\alpha}}", TeXForm,
HoldForm]]]l, {Right, Top}]]

Section 3.2.3

Explicit form up to 7 =6, Lemma 3.17

galphal[tau_, alpha_] :=
Sum[(-1)"k Explalalphal (tau - k)] (tau - k) "k/k! HeavisideThetal
tau - k1, {k, 0, 5}]
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Kernel in the critical case
gltau_] := galphal[tau, baralphal
Asymptotic expansion, Point 2 of Lemma 3.18
gasympt[tau_] := 2 tau + 2/3
Plot for Fig. 18

Plot[{galphal[tau, baralpha - .01], galphal[tau, baralphal,
galphal[tau, baralpha + .1]}, {tau, 0, 6},
PlotLegends ->
Placed[ToExpression["g(\\tau,\\alpha)", TeXForm, HoldForm], {Center,
Top}], AxesLabel -> Automatic]

Plot [{g[taul - gasympt[taull}, {tau, O, 5},
PlotLegends ->
Placed[ToExpression["g(\\tau,\\bar \\alpha)-2\\tau-\\frac{2}{3}",
TeXForm, HoldForm], {Right, Top}], AxesLabel -> Automatic,
PlotRange -> {{-.1, 5}, {-.06, .06}}]

Construction of the solution m of Lemma 3.19

mOalpha[tau_, taul_, alpha_] :=
Sum[(-1)~
1 (2 Pi + alpha) Exp[-c[alphal (2 Pi + alpha) (tau - k)] Expl[
Cot[alpha] (2 Pi + alpha) (tau - taul -
k)] (Cot[alpha] (2 Pi + alpha) (tau - taul - k))~
1/(1! (Cot[alphal] (2 Pi + alpha))~{1 + k}) HeavisideThetal
tau - taul - k], {k, 0, 6}, {1, 1, k}] +
Sum[(2 Pi + alpha) Exp[-c[alpha] (2 Pi + alpha) (tau - k)] Max[O,
Exp[(Cot[alpha] (2 Pi + alpha)) (tau - taul - k)] -
11/(Cot[alphal (2 Pi + alpha))~{1 + k}, {k, 0, 5}]

malphal[tau_, taul_, tau2_, alpha_] :=
mOalpha[tau, taul, alphal] - mOalpha[tau, tau2, alphal

In the critical case a = @
m[tau_, taul_, tau2_] := malpha[tau, taul, tau2, baralphal]
Asymptotic behavior of M in the critical case, Lemma 3.20: coefficients for the linear and constant part

masymptlin[taul_,
tau2_] := -2 Exp[-barc (2 Pi + baralpha) tau2]/barc +
2 Exp[-barc (2 Pi + baralpha) taul]/barc

masymptconst[taul_, tau2_] :=
2 Exp[-barc (2 Pi + baralpha) tau2]/(barc~2 (2 Pi +
baralpha)) - (2 (-tau2) +
2/3) Expl[-barc (2 Pi + baralpha) tau2]/
barc - (2 Exp[-barc (2 Pi + baralpha) taull/(barc~2 (2 Pi +
baralpha)) - (2 (-taul) +
2/3) Expl[-barc (2 Pi + baralpha) taul]/barc)

Asymptotic expansion of m
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masympt [tau_, taul_, tau2_] :=
2 Exp[-barc (2 Pi + baralpha) tau2]/(barc~2 (2 Pi +
baralpha)) - (2 (tau - tau2) +
2/3) Expl[-barc (2 Pi + baralpha) tau2]/
barc - (2 Exp[-barc (2 Pi + baralpha) taull/(barc~2 (2 Pi +
baralpha)) - (2 (tau - taul) +
2/3) Expl[-barc (2 Pi + baralpha) taul]/barc)

Plot for Fig. 19

Plot[{malpha[tau, 1/2, 1, baralpha - .01],
malpha[tau, 1/2, 1, baralphal,
malpha[tau, 1/2, 1, baralpha + .1]}, {tau, 0, 6},
PlotLegends ->
Placed[ToExpression["m(\\tau,1/2,1,\\alpha)", TeXForm,
HoldForm], {Center, Top}], AxesLabel -> Automatic]

Plot3D[{0,
m[tau, taul, 1] - masymptlin[taul, 1] tau -
masymptconst [taul, 1]}, {tau, 0, 5}, {taul,
1 - Tan[baralphal/(2 Pi + baralpha), 1}, AxesLabel -> Automatic,
PlotRange -> {-.02, .02}]

Kernel in ¢, Remark 3.21, up to ¢ =627 + a)

Galphal[phi_, alpha_] :=
galphal[phi/(2 Pi + alpha), alphal] Expl[barc phil
Malpha[phi_, phiil_, phi2_, alpha_] :=
malphalphi/(2 Pi + alpha), phil/(2 Pi + alpha), phi2/(2 Pi + alpha),
alphal] Expl[barc phi]
G[phi_] := Galphal[phi, baralpha]
M[phi_, phil_, phi2_] := Malpha[phi, phil, phi2, baralphal

Plot of the solution for a = sin(&), i.e. 8 = /2, Fig. 5

Plot[gl[taul/Sin[baralphal -

Exp[-barc (2 Pi + baralpha - Pi/2)] gl
tau - 1 + Pi/2/(2 Pi + baralpha)] -

Cot[baralphal] Exp[-barc (2 Pi + baralpha)] gltau - 1], {tau, O, 5},

AxesLabel -> Automatic,

PlotLegends ->

Placed[ToExpression["\\rho (\\phi,\\sin(\\bar \\alpha))", TeXForm,
HoldForm], {Right, Centerl}]]

Section 3.2.4

Primitive functions for the kernel 4

Lggltau_, alpha_] :=
Sum[1/Cos[
alpha] ~{k +
1} (Sum[(-1)~j Expl
Cot[alphal] (2 Pi + alpha) (tau -
k)] (Cot[alphal (2 Pi + alpha) (tau - k))~j/j!, {j, O,
k}] - 1) HeavisideThetal[tau - k], {k, 0, 5}]
Lgltau_] := Lggltau, baralphal

This is &, used for the integral of m
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LLggl[tau_, alpha_] :=
Sum[1/Cos[
alpha] ~{k +
1} (Sum[(Sum[(-1)~1 Expl[
Cot[alpha] (2 Pi + alpha) (tau -
k)] (Cot[alphal (2 Pi + alpha) (tau - k))~1/1!, {1, O,
j}1/Cot[alphal) - 1/Cot[alphal, {j, O,
k}] - (2 Pi + alpha) (tau - k)) HeavisideThetal[tau - k], {k, O,
5}]
LLg[tau_] := LLggl[tau, baralphal

This is the formula for the integral of m

Lm[tau_, taul_, tau2_] := LLgl[tau - taul] - LLg[tau - tau2]

Section 5

This is the plot of the derivative w.r.t. a in the arc case, Equation (5.4) and Fig. 25

Plot [Cot[baralphal gltaul -
Exp[-barc Pi/2] gl[tau - Pi/(2 (2 Pi + baralpha))] -
Exp[-barc (2 Pi + baralpha)] gl[tau - 1]/Sin[baralphal, {tau, 1, 2},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression["\\check \\rho(\\tau)", TeXForm,
HoldForm], {Right, Centerl}]]

Evolution of the solution when a = 0, Fig. 25

Plot [(G[phil/Sin[baralpha] -

G[phi - (2 Pi + baralpha - Tan[baralphal] - Pi/2)] -
M[phi, 2 Pi + baralpha - Tan[baralpha], 2 Pi + baralpha] -
Cot[baralphal] G[phi - 2 Pi - baralphal) Exp[-barc phil], {phi,

Pi/2 + Tan[baralpha] - baralpha, 4 Pi + 2 baralphal,

AxesLabel -> Automatic,

PlotLegends ->

Placed[ToExpression[
"\\tilde r_{\\mathtt a = 0}(\\phi) e~{- \\bar c \\phil}", TeXForm,
HoldForm], {Center, Top}]]

Segment case: plot of the function for the derivative w.r.t. a, Fig. 27

Plot[gl[tau] - Expl[-barc (2 Pi + baralpha)] gltau - 1] +
2 Cos[baralphal Exp[-2 barc (2 Pi + baralpha)] gl[tau - 2], {tau, O,
5}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"g(\\tau) - 2\\cos(\\bar \\alpha) e~{-\\bar c(2\\pi + \\bar \
\\alpha)}g(\\tau-1)+e~{-2\\bar c(2\\pi+\\bar\\alpha)} g(\\tau-2)",
TeXForm, HoldForm], {Center, Topl}]]

Section 5.1

Fastest saturated spiral with a = 0, Equation (5.6)

127
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rhobase[tau_] :=
gltaul /Sin[baralphal] -
Exp[-barc (2 Pi + baralpha - Pi/2 - Tan[baralpha])] gl
tau - (2 Pi + baralpha - Pi/2 - Tan[baralphal)/(2 Pi +
baralpha)] - m[tau, 1 - Tan[baralphal/(2 Pi + baralpha), 1] -
Cot[baralphal] Exp[-barc (2 Pi + baralpha)] gltau - 1]

Length of the fastest saturated spiral, Equation (5.7)

Lbase[tau_] :=
Piecewise[{{(2 Pi + baralpha) tau + Pi/2 - baralpha +
Tan[baralphal], -(Pi/2 - baralpha + Tan[baralphal])/(2 Pi +
baralpha) <=
tau < -(Pi/2 - baralpha)/(2 Pi + baralpha)}, {Tan[baralpha] +
Cot[baralpha - (2 Pi + baralpha) taul], -(Pi/2 - baralpha)/(2 Pi +
baralpha) <= tau < 0}, {Tan[baralpha] + Cot[baralphal] +
Lg[tau] /Sin[baralpha] -
Lgltau - (1 - (Pi/2 + Tan[baralphal])/(2 Pi + baralpha))] -
Lm[tau, 1 - Tan[baralphal/(2 Pi + baralpha), 1] -
Cot [baralpha] Lgl[tau - 1], tau >= 0}}]

Plot of the comparison of the ray and the length, Fig. 28

Plot [rhobase[tau] -
2.08 Exp[-barc (2 Pi + baralpha) tau ] Lbase[tau - 1], {tau, 0, 5},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\rho(\\tau) - 2.08 e~{-\\bar c(2\\pi + \\bar \\alpha) \\tau} L(\
\\tau-1)", TeXForm, HoldForm], {Center, Top}]]
Plot [rhobase[tau] -
2.08 Exp[-barc (2 Pi + baralpha) tau ] Lbase[tau - 1], {tau, 3.5,
5}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\rho(\\tau) - 2.08 e~{- \\bar c(2\\pi + \\bar \\alpha) \\tau} \
L(\\tau-1)", TeXForm, HoldForm], {Center, Top}]]

Estimate for the source of the length equation, Equation (5.9)
1/Sin[baralpha] - 1 - Tan[baralphal] - Cot[baralphal

-2.7473

L(r-1)
Ta=0(7)’

Asymptotic constant for the ratio Equation (5.10)

Exp[barc (2 Pi + baralpha)] barc Sin[baralphal

2.08884

Section 6
Arc (segment) coefficients: these are the coefficients for the general perturbation, Corollary 6.14. The coef-

ficients for the segment case are obtained from these by setting A¢ = 0 as in Remark 6.12 and Corollary 6.6

SOarc[theta_, Deltaphi_] :=
Cot[baralphal (1 - Cos[theta] + Sin[theta] Deltaphi)/Sin[baralphal]
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Slarc[theta_,
Deltaphi_] := -Sin[baralpha] Expl[
barc (theta + Deltaphi)]/(2 Pi + baralpha)
S2arc[theta_, Deltaphi_] :=
Sin[baralpha] Cos[theta] Exp[barc Deltaphil/(2 Pi + baralpha)

S3arc[theta_] := - Sin[thetal]

S4arc[theta_, Deltaphi_] :=
Cos[baralphal] (-2 Cot[
baralphal] (1 - Cos[thetal] + Sin[theta] Deltaphi) +
Sin[thetal)/(2 Pi + baralpha)
Darc[theta_, Deltaphi_] :=
Sin[baralpha] (-Cot[baralpha] (1 - Cos[theta] +
Sin[theta] Deltaphi) + Sin[thetal)/(2 Pi + baralpha)
Sbarc[theta_,
Deltaphi_] := -Sin[
baralpha] (-Cot[baralphal] (1 - Cos[thetal] + Sin[theta] Deltaphi) +
Sin[thetal)/(2 Pi + baralpha)~2

taularc[theta_, Deltaphi_] := 1 - (theta + Deltaphi)/(2 Pi + baralpha)
tau2arc[Deltaphi_] := 1 - Deltaphi/(2 Pi + baralpha)

This is the generic form of the solution, without the delta Dirac delta d;-;, Corollaries 6.6 and 6.14

rhogeneric[tau_, theta_, Deltaphi_] :=
SOarc[theta, Deltaphi] gltau] +
Slarc[theta, Deltaphi] gl[tau - taularc[theta, Deltaphi]] +
S2arc[theta, Deltaphi] gltau - tau2arc[Deltaphil]] +
S3arc[thetal m[tau, tau2arc[Deltaphi], 1] +
S4arc[theta, Deltaphi] gltau - 1] +
Sbarc[theta, Deltaphi] gltau - 2]

Segment case, Section 6.1

A plot for the introduction, Fig. 6b

Plot[rhogeneric[tau, .3, 0], {tau, 0, 3}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression["\\rho(\\tau)", TeXForm, HoldForm], {Center,
Top}1]

Computations for Proposition 6.7
First round segment: computation of the angle hat theta, Equation (6.8)

hatheta =
FindRoot [
Cot [baralpha] (1 - Cos[thetal)/Sin[baralpha] Expl[
Cot[baralphal (2 Pi + baralpha - theta)] - 1, {theta, .5}][[1,
211
0.506134

Plot of Equation (6.7), Fig. 30

Plot[Cot[baralphal] (1 - Cos[thetal)/Sin[baralphal] -
Exp[-Cot[baralphal] (2 Pi + baralpha - theta)], {theta, 0, Pil},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\cot (\\bar \\alpha) \\frac{l - \\cos(\\theta)}{\\sin(\\bar \
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\\alpha)} - e~{-\\cot(\\bar \\alpha) (2\\pi + \\bar \\alpha - \
\\theta)}", TeXForm, HoldForm], {Center, Top}]]

Plot of the first round segment case, Fig. 30

Plot3D[{0,
SOarc[theta, 0] Exp[tau] +
Slarc[theta, 0] Exp[tau - taularc[theta, 0]] HeavisideThetal
tau - taularc[theta, 0]]}, {tau, O, 1}, {theta, 0, Pi},
AxesLabel -> Automatic]

Second round segment: computation of the expansion for 7 € [1,1 + 71] (6.10)

Cot[baralpha] (Exp[1] - 1)/Sin[baralpha] -
1/((2 Pi + baralpha) Sin[baralphal) -
2 Cot[baralphal Cos[baralphal/(2 Pi + baralpha)

0.582367
Plot of the second round segment, Fig. 31

Plot3D[{0,
SOarc[theta, 0] gltau] +
Slarc[theta, 0] gl[tau - taularc[theta, 0]] +
S2arc[theta, 0] gltau - tau2arc[0]] +
Sd4arc[theta, 0] gltau - 1]}, {tau, 1, 2}, {theta, 0, Pi},
AxesLabel -> Automatic]

P1ot3D[{0, rhogeneric[tau, theta, 0]/theta~2}, {tau, 1, 2}, {theta, O,
Pi}, AxesLabel -> Automatic]

Minimal value for the second round

(SO0arc[Pi, 0] gl[1] + Starc[Pi, 0] g[1l - taularc[Pi, 0]] +
S2arc[Pi, 0] + Sdarc[Pi, 0])/(Pi)~2

0.17959
Minimal value fort =1+1;

(SOarc[Pi, 0] gll + taularc[Pi, 0]] + Silarc[Pi, 0] gl1] +
S2arc([Pi, 0] gltaularc[Pi, 0]] +
S4arc[Pi, 0] gltaularc[Pi, 0]])/(Pi)~2

0.226635
Third round segment: plot of Fig. 32

Plot3D[{0, rhogeneric[tau, theta, 0]}, {tau, 2, 3}, {theta, O, Pi},
AxesLabel -> Automatic]

Plot3D[{0, rhogeneric[tau, theta, 0]/theta~2}, {tau, 2, 3}, {theta, O,
Pi}, AxesLabel -> Automatic]

Minimal value for the third round

(SOarc[Pi, 0] gl2] + Slarc[Pi, 0] g[2 - taularc[Pi, 0]] +
S2arc[Pi, 0] gl[1] + S4arc[Pi, 0] gl[1] + Sbarc[Pi, 0])/(Pi)~2

0.262163
Increasing after the third round segment: plot of Fig. 33

P1ot3D[{0, (rhogeneric[tau, theta, 0] -
rhogeneric[tau - 1, theta, 0])/theta~2}, {tau, 3, 4}, {theta, O,
Pi}, AxesLabel -> Automaticl]
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Minimal value for the derivative in the third round

(SOarc([Pi, 0] (g[3] - gl2]) +
Slarc[Pi, 0] (g[2 - taularc[Pi, 0]] - g[2 - taularc[Pi, 0]]) +
S2arc[Pi, 0] (g[2] - gl1]l) + S4arc[Pi, 0] (g[2] - gl1l) +
Sbarc[Pi, 0] (g[1] - 1))/(Pi)~2

0.142304

Asymptotic behavior segment case: plot of Fig. 33

Plot[{2 (SOarc[theta, 0] + Slarc[theta, 0] + S2arc[theta, 0] +
Sdarc[theta, 0] + SbSarc[theta, 0])/theta~2}, {theta, 0, Pi},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression["2 \\frac{S_0 + S_1 + S_2 + S_3}{\\theta~2}",
TeXForm, HoldForm], {Right, Topl}]]

Minimal value for the asymptotic value

2 (SOarc[Pi, 0] + Slarc([Pi, 0] + S2arc[Pi, 0] + S4arc[Pi, 0] +
S5arc[Pi, 0])/(Pi)~2
0.0816077

Section 6.1.1

Length of the perturbation, Equation (6.15)

Lrhosegment [tau_, theta_] := (1 - Cos[theta])/Sin[baralpha]~2 +

SOarc[theta, 0] Lgl[tau] +

Slarc[theta, 0] Explbarc (2 Pi + baralpha) taularc[theta, 0]] Lgl
tau - taularc[theta, 0]] +

S2arc[theta, 0] Expl[barc (2 Pi + baralpha)] Lgl[tau - 1] +

S4arc[theta, 0] Expl[barc (2 Pi + baralpha)] Lg[tau - 1] +

Darc[theta, 0] Exp[barc (2 Pi + baralpha)] HeavisideTheta[tau - 1]/
Sin[baralpha] +

Sbarc[theta, 0] Explbarc (2 Pi + baralpha) 2] Lgl[tau - 2]

Plot of Fig. 34

Plot3D[{(rhogeneric[tau, theta, 0] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lrhosegment[tau - 1,
theta])/theta~2}, {tau, 1, 5}, {theta, 0.001, Pi},
AxesLabel -> Automatic]

Here we verify some of the critical parts in order to avoid the Heaviside function

Plot3D[{0, (rhogeneric[(l - sigma) + sigma (1 + taularc[theta, 0]),
theta, 0] -
2.08 Exp[-barc (2 Pi + baralpha) ((1 - sigma) +
sigma (1 + taularc[theta, 0]))] Lrhosegment[(1 - sigma) +
sigma (1 + taularc([theta, 0]) - 1, thetal)/theta~2}, {signma,
0, 1}, {theta, 0, Pi}, AxesLabel -> Automatic]
Plot3D[{0, (rhogeneric[(1 - sigma) (1 + taularc[theta, 0]) + sigma 2,
theta, 0] -
2.08 Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (1 + taularc[theta, 0]) +
sigma 2)] Lrhosegment[(1 - sigma) (1 + taularc[theta, 0]) +
sigma 2 - 1, thetal)/theta}, {sigma, 0, 1}, {theta, 0, Pi},
AxesLabel -> Automatic]
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This is to verify that the functional has positive derivative for 7 € [4, 5], Fig. 34

P1lot3D[{0, ((rhogeneric[tau, theta, 0] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lrhosegment[tau - 1,
thetal) - (rhogeneric[tau - 1, theta, 0] -
2.08 Exp[-barc (2 Pi + baralpha)
(tau - 1)] Lrhosegment([tau - 2, thetal))/theta~2}, {tau, 4,
5}, {theta, 0.0001, Pi}, AxesLabel -> Automatic]

Worst case

Plot[{(rhogeneric[tau, Pi, 0] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lrhosegment[tau - 1, Pi])/
Pi~2}, {tau, 1, 5}, AxeslLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\delta \\tilde r - 2.08 \\delta \\tilde L}{\\pi~2}",
TeXForm, HoldForm], {Right, Center}], PlotRange -> Full]
(rhogeneric[2 - .001, Pi, 0] -
2.08 Exp[-barc (2 Pi + baralpha) (2 - .001)] Lrhosegment[
2 - .001 - 1, Pi])/Pi~2
{0.117205}

Section 6.2

Study of the sign of the solution in the arc case, Proposition 6.15. Function h; for first negativity region, Lemma
6.16. Function fi, Eq. (6.24)

fi[theta_, Deltaphi_] :=
SOarc[theta, Deltaphi] Expl[
Cot[baralphal] (2 Pi + baralpha - Deltaphi - theta)] - 1

Derivative of f1, Eq. (6.25)

partialfi[theta_,
Deltaphi_] := -SOarc[theta, Deltaphi] Cot[baralphal] Expl[
Cot[baralpha] (2 Pi + baralpha - Deltaphi - theta)] +
Cot[baralphal] (Sin[theta] + Deltaphi Cos[thetal]) Expl[
Cot [baralphal] (2 Pi + baralpha - Deltaphi - theta)]/Sin[baralphal

Numerical plot of Fig. 38a

Plot3D[{0, fi[theta, Deltaphil}, {theta, Pi/4, Pi}, {Deltaphi, O,
Tan[baralphal}, AxesLabel -> Automatic]

Minimal value

f1[Pi/4, 0]

1.08109

f1[Pi, Tan[baralphall
0.971097

Numerical plot of Fig. 38b

Plot3D[{0, partialfi[theta, Deltaphi]/(theta + Deltaphi)}, {theta, O,
Pi/4}, {Deltaphi, O, Tan[baralpha]}]

Minimum value

partialf1[Pi/4, Tanl[baralphall/(Pi/4 + Tan[baralpha])
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1.29579
Numerical plot of h; (A¢), Fig. 37b

ContourPlot [
f1[theta, Deltaphi] == 0, {Deltaphi, 0, Tan[baralphal}, {theta,
0, .6}, Axes -> True, AxeslLabel -> Automatic, Frame -> None,
PlotLegends ->
Placed[ToExpression["h_1(\\Delta \\phi)", TeXForm,
HoldForm], {Center, Top}]l]
ContourPlot [
fi[theta - Deltaphi, Deltaphi] == 0, {Deltaphi, O,
Tan[baralphal}, {theta, O, Tan[baralphal] + .1}, Axes -> True,
AxesLabel -> Automatic, Frame -> None,
PlotLegends ->
Placed[ToExpression["h_1(\\Delta \\phi) + \\Delta \\phi", TeXForm,
HoldForm], {Center, Top}]l]

Maximal value of w = A¢ + hy (Ag)

FindRoot [f1[theta, Tan[baralphal], {theta, .15}]
{theta -> 0.117533}

Tan[baralpha] + 0.11753300046278962°

2.53316

This the implicit derivative of h;, Eq. (6.26) and Fig. 38c

dhi[theta_, Deltaphi_] := -1 +
Sin[baralpha] Cosl[
theta] Deltaphi/(Cos[baralpha - theta] - Cos[baralphal] +
Sin[baralpha - theta] Deltaphi)

Maximal positive value

dh1[hatheta, Tan[baralphal]
0.0251844

This the implicit second derivative of h;, Eq. (6.27) and Fig. 38d

d2hi[theta_, Deltaphi_] :=
Sin[baralpha] (Cos[baralpha - thetal] - Cos[baralpha]) Cos[
thetal /(Cos[baralpha - theta] - Cos[baralpha] +
Sin[baralpha - thetal] Deltaphi)~2 +
Sin[baralpha] Deltaphi (-Sin[baralpha] - Cos[baralpha] Sin[theta] +
Cos[baralpha] Deltaphi)/(Cos[baralpha - theta] - Cos[baralpha] +
Sin[baralpha - theta] Deltaphi)~2 dhl[theta, Deltaphi]

Plot3D[{0, d2hl[theta, Deltaphil}, {theta, 0.1, hatheta}, {Deltaphi,
0, Tan[baralphal}, PlotRange -> {-.1, 4}]

Minimal value

Plot[{0, d2hl[theta, Tan[baralphall}, {theta, 0.1, hathetal}]

d2h1[0.1, Tan[baralphal]

0.0168525

Function h, for second negativity region. Second function f, for negative region, Eq. (6.28) and Fig. 39a

f2[theta_, Deltaphi_] :=
fi[theta, Deltaphi] Exp[Cot[baralpha] thetal] + Cos[thetal
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Plot3D[{0, f2[theta, Deltaphil}, {theta, O, .1}, {Deltaphi, 0, .05},
AxesLabel -> Automatic]

Function f3 for second negative region, Eq. (6.29) and Fig. 39b

f3[theta_, Deltaphi_] :=
Cot[baralphal (1 - Cos[theta] + Sin[theta] Deltaphi) Expl[
Cot[baralpha] (2 Pi + baralpha - Deltaphi)]/Sin[baralpha] -
Exp[Cot [baralpha] theta] + Cos[thetal - Sin[theta] Tan[baralpha]

Plot3D[{0, f3[theta, Deltaphil}, {theta, O, .7}, {Deltaphi, 0, .4},
AxesLabel -> Automatic]

Implicit definition of the second negativity region at t = 1-, function f; of Eq. (6.30) and Fig. 39¢ and 39d

f4[theta_, Deltaphi_] :=

Cot[baralphal (1 - Cos[theta] + Sin[theta] Deltaphi) Expl[

Cot[baralpha] (2 Pi + baralpha)]/Sin[baralphal] -

Exp[Cot [baralpha] (theta + Deltaphi)] +

Cos[theta] Exp[Cot[baralphal Deltaphi] -

Sin[theta] Tan[baralpha] (Exp[Cot[baralpha] Deltaphi] - 1)
Plot3D[{0, f4[theta, Deltaphil}, {theta, 0, .1}, {Deltaphi, 0, .05},
AxesLabel -> Automatic]
ContourPlot [{f2[theta/3, Deltaphi/3] == 0, f3[theta, Deltaphi] == O,

f4[theta/3, Deltaphi/3] == 0}, {Deltaphi, O, .4}, {theta, 0, .7},
AxesLabel -> Automatic, PlotLegends -> {"f2=0", "£3=0", "f4=0"},
Frame -> None, Axes -> True]

Computations for the second round arc case. Interval [1,1 + tau; ]: numerical plot of p/(6(0 + A¢)), Fig. 40a

Plot3D[{0,
EvaluateQ@
Table[rhogeneric[1.001 + tau taularc[theta, Deltaphi], theta,
Deltaphi]/(theta (theta + Deltaphi)), {tau, 0, 1, .2}]}, {theta,
0, Pi}, {Deltaphi, O, Tan[baralphal}, PlotLegends -> Automatic,
AxesLabel -> Automatic]

The function p/(0(0 + A¢)) for 6 = m/2, minimal value

Plot3D[rhogeneric[tau, Pi, Deltaphil]/(Pi (Pi + Deltaphi)), {Deltaphi,
0, Tan[baralphal}, {tau, 1, 1 + taularc[Pi, Deltaphill,
AxesLabel -> Automatic]

The function p/(6(6 + A¢)) for 6 = /2, A¢ = tan(@), minimal value Fig. 40b

Plot[rhogeneric[tau, Pi,
Tan[baralphal]/(Pi (Pi + Tan[baralphal)), {tau, 1,
1 + taularc[Pi, Tan[baralphal]}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\rho (\\tau,\\pi,\\tan(\\bar \
\\alpha))}H\\pi(\\pi+\\tan(\\bar \\alpha))}", TeXForm,
HoldForm], {Center, Top}]l]

Minimal value

rhogeneric[1 + taularc[Pi, Tan[baralpha] - .001], Pi,
Tan[baralphal]/(Pi (Pi + Tan[baralphal))

{0.0406532}
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Interval [1+ 71,1 + 72]: here the singularity is due to the fact that at the previous round it converges to —1, and
at the next round is like 8

P1lot3D[{0,
EvaluateQ@
Table[rhogeneric[(1 - tau) (1 + taularc[theta, Deltaphi]) +
tau (1 + tau2arc([Deltaphi]), theta,
Deltaphil]/(theta (theta + Deltaphi)), {tau, O, 1, .2}]}, {theta,
0, Pi}, {Deltaphi, O, Tan[baralphal}, PlotLegends -> Automatic,
AxesLabel -> Automatic]

Thisisfor6 =n

Plot3D[rhogeneric[(1 - tau) (1 + taularc[Pi, Deltaphi]) +
tau (1 + tau2arc[Deltaphi]), Pi,
Deltaphi] /(Pi (Pi + Deltaphi)), {tau, 0, 1}, {Deltaphi, O,
Tan[baralphal}, AxesLabel -> Automatic]

This is for 6 = 7, A¢ =tan(a), Fig. 41b

Plot[rhogeneric[(1 - tau) (1 + taularc[Pi, Tan[baralphall]) +
tau (1 + tau2arc[Tan[baralphall), Pi,
Tan[baralphall/(Pi (Pi + Tan[baralphal)), {tau, 0, 1},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\rho (\\tau,\\pi,\\tan(\\bar \
\\alpha)) H\\pi(\\pi+\\tan(\\alpha))}", TeXForm, HoldForm], {Center,
Right}]]

Interval [1 +72,2], Fig. 42a, analysis of the minimal values and Fig. 42b

Plot3D[{0,
Evaluate0@
Table[rhogeneric[(1 - tau) (1 + tau2arc[Deltaphi]) + tau (2),
theta, Deltaphil]/(theta (theta + Deltaphi)), {tau, O,
1, .2}1}, {theta, O, Pi}, {Deltaphi, O, Tan[baralphal},
PlotLegends -> Automatic, AxesLabel -> Automatic]
Plot3D[{rhogeneric[(1 - tau) (1 + tau2arc[Deltaphi]) + tau (2), Pi,
Deltaphil/(Pi (Pi + Deltaphi))}, {tau, 0, 1}, {Deltaphi, O,
Tan[baralphal}, AxesLabel -> Automatic]
Plot [rhogeneric[tau, Pi,
Tan[baralphal]/(Pi (Pi + Tan[baralphal])), {tau,
1 + tau2arc[Tan[baralphal]l, 2}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\rho (\\tau, \\pi, \\tan(\\bar \
\\alpha))}H\\pi(\\pi+\\tan(\\bar\\alpha))}", TeXForm,
HoldForm], {Center, Center}]]

Minimal value

rhogeneric[2 - .001, Pi, Tan[baralphall/(Pi (Pi + Tan[baralphal))
{0.0406695}

Computations for the third round arc case. Interval [2,2 + 7]: Fig. 43a, plot of the minimal values and Fig. 43b
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P1lot3D[{0,
Evaluate0@
Table[rhogeneric[(1 - tau) 2.01 +
tau (2 + taularc[theta, Deltaphi]), theta,
Deltaphi]/(theta (theta + Deltaphi)), {tau, O, 1, .2}]}, {theta,
0, Pi}, {Deltaphi, O, Tan[baralphal}, AxesLabel -> Automatic]

Plot3D[{0,
rhogeneric[(1 - tau) 2 + tau (2 + taularc[Pi, Deltaphil), Pi,
Deltaphil/(Pi (Pi + Deltaphi))}, {tau, 0, 1}, {Deltaphi, O,
Tan[baralphal}, AxesLabel -> Automatic]
Plot [rhogeneric[tau, Pi,
Tan[baralphal]/(Pi (Pi + Tan[baralphal)), {tau, 2,
2 + taularc[Pi, Tan[baralphall}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\rho (\\tau,\\pi,\\tan(\\bar \
\\alpha))}H\\pi (\\pi+\\tan(\\bar\\alpha))}", TeXForm,
HoldForm], {Center, Top}]]

Interval [2+ 71,2 + 72]: Fig. 44a and 41b

Plot3D[{0,
EvaluateQ@
Table[rhogeneric[(1 - tau) (2 + taularc[theta, Deltaphi]) +
tau (2 + tau2arc[Deltaphi]), theta,
Deltaphi] /(theta (theta + Deltaphi)), {tau, 0, 1, .2}]}, {theta,
0, Pi}, {Deltaphi, O, Tan[baralphal}, PlotLegends -> Automatic,
AxesLabel -> Automatic]

Plot [rhogeneric[tau, Pi,
Tan[baralphal]/(Pi (Pi + Tan[baralphal])), {tau,
2 + taularc[Pi, Tan[baralphall, 2 + tau2arc[Tan[baralphall}l,
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\rho (\\tau,\\pi,\\tan(\\bar \
\\alpha))}{\\pi(\\pi+\\tan(\\bar\\alpha))}", TeXForm,
HoldForm], {Right, Top}]]

rhogeneric[2 + tau2arc[Tan[baralphal], Pi,
Tan[baralphall/(Pi (Pi + Tan[baralphal))

{0.0407434%}
Interval [2 + 1, 3]: Fig. 45a and 45b

Plot3D[
{0, Evaluate@
Table[rhogeneric[(1 - tau) (2 + tau2arc[Deltaphi]) +
tau (1 + 1.99), theta,
Deltaphi]/(theta (theta + Deltaphi)), {tau, O, 1, .2}]}, {theta,
0, Pi}, {Deltaphi, O, Tan[baralphal}, PlotLegends -> Automatic,
AxesLabel -> Automatic]

Plot[rhogeneric[tau, Pi,

Tan[baralphal]l/(Pi (Pi + Tan[baralphal)), {tau,

2 + tau2arc[Tan[baralphal]], 3}, AxesLabel -> Automatic,
PlotLegends ->

Placed[ToExpression[
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"\\frac{\\rho (\\tau,\\pi,\\tan(\\bar \

\\alpha)) }H\\pi (\\pi+\\tan(\\bar\\alpha))}", TeXForm,
HoldForm] , {Right, Top}]]

rhogeneric[3, Pi, Tan[baralphall/(Pi (Pi + Tan[baralphal))

{0.0405639}
After third round arc case we need to find the region where the function is strictly increasing: Fig. 46a, 46b, 46c

Plot3D[{0,
EvaluateQ@

Table[(rhogeneric[(1 - tau) (3.01) + tau (3.99), theta, Deltaphi] -
rhogeneric[(1 - tau) (2.01) + tau (2.99), theta,
Deltaphi])/(theta (theta + Deltaphi)), {tau, O,

1, .2}1}, {theta, 0, Pi}, {Deltaphi, O, Tan[baralphal},
AxesLabel -> Automatic]

Plot3D[{0,
Evaluate®
Table[(rhogeneric[(1 - tau) (3.01) + tau (3.99), theta, Deltaphi] -
rhogeneric[(1 - tau) (2.01) + tau (2.99), theta,
Deltaphi])/(theta (theta + Deltaphi)), {tau, O,
1, .2}1}, {theta, Pi - .04, Pi}, {Deltaphi, Tan[baralphal - .04,
Tan[baralphal}, AxesLabel -> Automatic]
Plot3D[{0, (rhogeneric[(3.01), theta, Deltaphi] -
rhogeneric[(2.01), theta,
Deltaphil)/(theta (theta + Deltaphi))}, {theta, Pi - .04,
Pi}, {Deltaphi, Tan[baralphal] - .04, Tan[baralphal},
AxesLabel -> Automatic]

Asymptotic behavior in the arc case: Fig. 47

Plot3D[{0, (SOarc[theta, Deltaphi] + Slarc[theta, Deltaphi] +
S2arc[theta, Deltaphi] +
S3arc[theta] (Exp[-barc (2 Pi + baralpha) tau2arc[Deltaphil] -
Exp[-barc (2 Pi + baralpha)])/barc + S4arc([theta, Deltaphi] +
S5arc[theta, Deltaphi])/(theta (theta + Deltaphi))}, {theta, O,
Pi}, {Deltaphi, 0, Tan[baralpha]}]
Plot3D[{0,
SOarc[theta, Deltaphi] + Slarc[theta, Deltaphi] +
S2arc[theta, Deltaphi] +
S3arc[thetal] (Exp[-barc (2 Pi + baralpha) tau2arc[Deltaphil]] -
Exp[-barc (2 Pi + baralpha)l])/barc + S4arc[theta, Deltaphi] +
Sbarc[theta, Deltaphil}, {theta, Pi - .01, Pi}, {Deltaphi,
Tan[baralphal] - .03, Tan[baralpha]l}]

Section 6.2.1

This is the variation of length in the arc case (6.32)

Lengtharc[tau_, theta_,

Deltaphi_] := (1 - Cos[theta] + Sin[theta] Deltaphi)/
Sin[baralpha] ~2 + SOarc[theta, Deltaphi] Lgl[tau] +

Slarc[theta, Deltaphi] Expl
barc (2 Pi + baralpha) taularc[theta, Deltaphi]] Lgl
tau - taularc[theta, Deltaphil]] +

S2arc[theta, Deltaphi] Expl[
barc (2 Pi + baralpha) tau2arc[Deltaphil]] Lgl
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tau - tau2arc[Deltaphil] +
S3arc[thetal Lm[tau, tau2arc[Deltaphi], 1] +
S4arc[theta, Deltaphi] Expl[barc (2 Pi + baralpha)] Lgl[tau - 1] +
Darc[theta, Deltaphi] Expl[

barc (2 Pi + baralpha)] HeavisideTheta[tau - 1] /Sin[baralpha] +
Sbarc[theta, Deltaphi] Exp[barc (2 Pi + baralpha) 2] Lgl[tau - 2]

First plot of Fig. 48

Plot3D[{Evaluate@
Table[(rhogeneric[tau, theta, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, theta,
Deltaphi] )/ (theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}]1}, {theta, 0.001, Pi/2}, {tau, 1, 5%},
AxesLabel -> Automatic, PlotRange -> Fulll]

A more detailed verification of the positivity: the worst case is for A¢ =0

Plot3D[{0,
Evaluate@
Table[(rhogeneric[(1 - sigma) +
sigma (1 + taularc[theta, Deltaphil]), theta, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) ((1 - sigma) +
sigma (1 + taularc[theta, Deltaphil]))] Lengtharc[(1 -
sigma) + sigma (1 + taularc[theta, Deltaphi]) - 1, theta,
Deltaphi])/(theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}]}, {theta, 0, Pi/2}, {sigma, O, 1},
AxesLabel -> Automatic]
Plot3D[{0,
Evaluate@
Table[(rhogeneric[(1 - sigma) (1 + taularc[theta, Deltaphi]) +
sigma (1 + tau2arc[Deltaphi]), theta, Deltaphi] -
2.08 Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (1 + taularc[theta, Deltaphi]) +
sigma (1 + tau2arc[Deltaphi]))] Lengtharc[(1 - sigma) (1 +
taularc[theta, Deltaphi]) +
sigma (1 + tau2arc[Deltaphi]) - 1, theta,
Deltaphil)/(theta), {Deltaphi, O,
Tan[baralphal, .5}]}, {theta, 0, Pi/2}, {sigma, O, 1},
AxesLabel -> Automatic]
P1lot3D[{0,
Evaluate@
Table[(rhogeneric[(1 - sigma) (1 + tau2arc[Deltaphi]) + 2 sigma,
theta, Deltaphi] -
2.08 Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (1 + tau2arc[Deltaphi]) +
2 sigma)] Lengtharc[(1 - sigma) (1 + tau2arc([Deltaphi]) +
2 sigma - 1, theta, Deltaphi])/(theta (theta +
Deltaphi)), {Deltaphi, 0.001, Tan[baralphal, .5}]}, {theta,
0, Pi/2}, {sigma, 0, 1}, AxesLabel -> Automatic]

Worst case and second plot of Fig. 48

P1ot3D[{0, (rhogeneric[tau, Pi/2, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
Deltaphil)/(Pi/2 (Pi/2 + Deltaphi))}, {Deltaphi, O,
Tan[baralphal}, {tau, 1, 5}, AxesLabel -> Automatic]
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Plot[{0, (rhogeneric[tau, Pi/2, 0] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
0])/(Pi/2 (Pi/2 + 0))}, {tau, 1, 5}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\rho (\\tau,\\pi/2,0) - 2.08 e~{-\\bar ¢ (2\\pi + \\bar \\alpha) \
\\tau} \\delta \\tilde L(\\tau-1)", TeXForm, HoldForm], {Right,
Center}]]
Plot[{0, (rhogeneric[tau, Pi/2, Tan[baralphal] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
Tan[baralphal]l)/(Pi/2 (Pi/2 + Tan[baralphal))}, {tau, 1, 5},
AxesLabel -> Automatic]

Increasing for 7 € [4, 5], third plot of Fig. 48

Plot3D[{Evaluate®@
Table[(rhogeneric[tau, theta, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, theta,
Deltaphi] - (rhogeneric[tau - 1, theta, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) (tau - 1)] Lengtharc[
tau - 2, theta, Deltaphi]))/(theta (theta +

Deltaphi)), {Deltaphi, O, Tan[baralphal], .5}]}, {theta,

0.001, Pi/2}, {tau, 4, 5}, AxesLabel -> Automatic]

Worst case for increasing estimates

Plot3D[{0, (rhogeneric[tau, Pi/2, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
Deltaphi] - (rhogeneric[tau - 1, Pi/2, Deltaphi] -
2.08 Exp[-barc (2 Pi + baralpha) (tau - 1)] Lengtharc[tau - 2,
Pi/2, Deltaphil))/(Pi/2 (Pi/2 + Deltaphi))}, {Deltaphi, O,
Tan[baralphal}, {tau, 4, 5}, AxesLabel -> Automatic]
Plot[{0, (rhogeneric[tau, Pi/2, 0] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
0] - (rhogeneric[tau - 1, Pi/2, 0] -
2.08 Exp[-barc (2 Pi + baralpha) (tau - 1)] Lengtharc[tau - 2,
Pi/2, 01))/(Pi/2 (Pi/2 + 0))}, {tau, 4, 5},
AxesLabel -> Automatic]
Plot[{0, (rhogeneric[tau, Pi/2, Tan[baralphal] -
2.08 Exp[-barc (2 Pi + baralpha) tau] Lengtharc[tau - 1, Pi/2,
Tan[baralphal] - (rhogeneric[tau - 1, Pi/2, Tan[baralphal] -
2.08 Exp[-barc (2 Pi + baralpha) (tau - 1)] Lengtharc[tau - 2,
Pi/2, Tan[baralphall))/(Pi/2 (Pi/2 + Tan[baralpha]))}, {tau,
4, 5}, AxesLabel -> Automatic]
(rhogeneric[4.0001, Pi/2, Tan[baralphal] -
2.08 Exp[-barc (2 Pi + baralpha) 4.0001] Lengtharc[4.0001 - 1,
Pi/2, Tan[baralphal] - (rhogeneric[4.0001 - 1, Pi/2,
Tan[baralphal]] -
2.08 Exp[-barc (2 Pi + baralpha) (4.0001 - 1)] Lengtharc[
4.0001 - 2, Pi/2, Tan[baralphall))/(Pi/
2 (Pi/2 + Tan[baralphal))
{0.000786574%}

Section 7

Remark 7.3

139
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ArcSin[Tan[baralpha]]
0.4226813

Formulas for tent, Lemma 7.4: these are the formulas for computing the final tent: here the entries are with the
angle computed for DeltaQ

ellOtent [hatrOtent_, hatLtent_,
DeltaQtent_] := ((1 - Cos[hathetal]) hatrOtent + DeltaQtent -
hatLtent)/(Cos[baralpha - hatheta] - Cos[baralphal)
hatr2tent [hatrOtent_, hatellOtent_,
DeltaQtentPi2_] := (hatellOtent Sin[hatheta] +
hatrOtent Sin[baralpha + hatheta] - DeltaQtentPi2)/Sin[baralphal
ellitent[r2tent_, hatLtent_, hatrOtent_,
hatellOtent_] := (r2tent + hatLtent - hatrOtent -
Cos[baralpha] hatellOtent)/Cos[baralphal

hatrbarphi [hatr2tentv_, r2v_, rbarphiv_,

hatellOtent_] := (hatr2tentv - r2v) Expl
Cot[baralphal] (2 Pi + baralpha - hatheta)] + rbarphiv -
hatellOtent

Time shift for tent, Eq. (7.6)

hattau := hatheta/(2 Pi + baralpha)
Admissibility of tent, Section 7.2.1: admissibility constant Kieni, Lemma 7.6

Kadmitent =
Sin[baralpha] (Sin[baralpha + hatheta] -
Sin[baralpha])/(Cos[hatheta] (1 - Sin[baralphal))

0.966795
Plot of the function (7.7), Fig. 54b

Plot[{Kadmitent,
Sin[baralpha] (Cos[hatphil] -
Cos [hatheta - hatphil)/(Sin[
baralpha - hatphi] (1 - Cos[hatheta - hatphil]))}, {hatphi,
0, .25}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{\\sin(\\bar \\alpha) (\\cos(\\hat \\phi) - \\cos(\\hat \
\\theta - \\hat \\phi))}{\\sin(\\bar \\alpha - \\hat \\phi) (1 - \
\\cos(\\hat \\theta - \\hat \\phi))}", TeXForm, HoldForm], {Left,

Centerl}]]

Computations for (7.8)

baralpha + hatheta - Pi/2 +
Tan[baralpha] Logl[
2.08/(Exp[Cot [baralpha] (baralpha + hatheta - Pi/2)]/Kadmitent -
1]
7.86127

(baralpha + hatheta - Pi/2 +
Tan[baralpha] Logl
2.08/(Exp[Cot [baralpha] (baralpha + hatheta - Pi/2)]/Kadmitent -
1)1)/(2 Pi + baralpha)

1.05358
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Computation for Remark 7.8

2 Cos[baralpha] - Cos[hatheta]
-0.10964

Section 8

Section 8.2

checkellbasel[barphi_, hbase_] :=
Sqrt[1 + hbase~2 + 2 hbase Cos[barphi - 2 Pi]]
checkphibasel[barphi_, hbase_] :=
ArcSin[hbase Sin[barphi - 2 Pi]/
Sqrt[1 + hbase~2 + 2 hbase Cos[barphi]]]

Formulas (8.1) and (8.2)

checkDeltaphibasel [barphi_, hbase_] :=
Tan[baralpha] - hbase/Sqrt[1 + hbase~2 + 2 hbase Cos[barphi - 2 Pi]]
checkrbarphibasel [barphi_, hbase_] :=
checkellbasel [barphi,
hbase] Expl
Cot[baralpha] (barphi - (checkphibasel[barphi, hbase] +
checkDeltaphibasel [barphi, hbase] + Pi/2 - baralpha))]l/
Sin[baralpha] - Exp[Cot[baralphal] (barphi - 2 Pi)] - hbase

Plot of Fig. 55b

Plot3D[{Exp[-barc (barphi - Tan[baralphal] - Pi/2 +
baralpha)] checkrbarphibasel[barphi, hbase],
rhobase[(barphi - Tan[baralphal] - Pi/2 + baralpha)/(2 Pi +
baralpha)]}, {barphi, 2 Pi, 5 Pi/2}, {hbase, 0, .3},
AxesLabel -> Automatic]
Plot3D[{Exp[-barc (barphi - Tan[baralpha] - Pi/2 +
baralpha)] checkrbarphibasel[barphi, hbase],
rhobase[(barphi - Tan[baralphal - Pi/2 + baralpha)/(2 Pi +
baralpha)]}, {barphi, 5 Pi/2 - .15, 5 Pi/2}, {hbase, 0, .24},
AxesLabel -> Automatic]

Computations for the initial point
2 Pi + Pi/2 - FindRoot[f1[theta, Tan[baralphall, {theta, .15}]1[[1, 2]1]
7.73645

Section 8.3

checkellbase2[hbase_]
checkphibase2 [hbase_]

Sqrt[1 + hbase~2 ]
ArcSin[hbase/checkellbase2[hbase]]

Formula (8.3)

checkDeltaphibase2[barphi_, hbase_] :=
Tan[baralphal] - (barphi - 2 Pi - Pi/2 + hbase)/Sqrt[1 + hbase~2]

Plots of Fig. 57a, 57b

Plot3D[{0, checkDeltaphibase2[barphi, hbasel}, {barphi, 5 Pi/2,
5 Pi/2 + Tan[baralphal]}, {hbase, O, 3}, AxesLabel -> Automatic]

141
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Plot[{2 Pi + Pi/2 + Tan[baralpha] checkellbase2[hbase] -
hbase}, {hbase, 0, 1 }, AxeslLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"2\\pi + \\frac{\\pi}{2} + \\tan(\\bar \\alpha) \\check \\ell - \
h", TeXForm, HoldForm], {Center, Top}]]

Final value of the solution in the arc case, Eq. (8.5)

checkrbarphibase2[barphi_, hbase_] :=
checkellbase2[
hbase] Expl
Cot [baralphal] (2 Pi +
baralpha - (checkDeltaphibase2[barphi, hbase] +
checkphibase2[hbase]))]/Sin[baralpha] -
Exp[Cot[baralpha] (barphi - 2 Pi)] - (Expl
Cot[baralphal] (barphi - 2 Pi - Pi/2)] - 1)/Cot[baralphal] - hbase

Plot of the boundary of the region Fig. 57c

Plot3D[{Exp[-barc (barphi - Pi/2 + baralpha -
Tan[baralphal])] checkrbarphibase2[barphi, hbase],
rhobase[(barphi - Pi/2 - Tan[baralphal] + baralpha)/(2 Pi +
baralpha)l}, {barphi, 5 Pi/2, 5 Pi/2 + Tan[baralphal}, {hbase,
0, 1.5}, AxesLabel -> Automatic]

For the tent case the length h Eq. (8.6) and Fig. 57d

checkhbase2 [
barphi_] := (Cos[baralphal] (barphi - 2 Pi - Pi/2) -
Sin[baralpha - hatheta])/(Cos[baralpha - hathetal] - Cos[baralphal)
Plot[{checkhbase2[barphi], ArcTan[hatheta]}, {barphi, 2 Pi + Pi/2,
2 Pi + Pi/2 + Tanl[baralphall}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{\\cos(\\bar \\alpha) (\\bar \\phi - 2\\pi - \
\\frac{\\pi}{2}) - \\sin(\\bar \\alpha - \\hat \\theta)}{\\cos(\\bar \
\\alpha - \\hat \\theta) - \\cos(\\bar \\alpha)}", TeXForm,

HoldForm], {Right, Bottom}]]

Computation of the beginning of the positivity region for the tent case

2 Pi + Pi/2 +
Tan[baralphal - (Sin[baralpha] - Sin[baralpha - hathetal)/
Cos[baralphal

9.48195
Computation of admissibility of the tent Eq. (8.7)

Tan[hatheta]

0.554294

2 Pi + Pi/2 + Tan[baralphal]/Cos[hatheta] - Tan[hatheta]
10.0616

Position of the tent optimal value and the negativity region Fig. 57e
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Plot[{5 Pi/
2 + (Sin[baralpha] -
Sin[hatheta] Cos[baralphal)/(Cos[baralpha] Cos[hathetal),
2 Pi + Pi/2 + Tan[baralpha] checkellbase2[hbase] - hbase,
2 Pi + Pi/2 + Sin[baralpha - hathetal]/Cos[baralphal] +
hbase (Cos[baralpha - hatheta] - Cos[baralphal)/
Cos[baralphal}, {hbase, 0, 1 }, AxesLabel -> Automatic]

Final value of tent Eq. (8.8) and Fig. 57f

checkrbarphibase2tent [barphi_, hbase_] :=
Cos[ArcTan[hbase] - hatheta] Sqrt[
1 + hbase~2] Exp[Cot[baralpha] (2 Pi + baralpha - hatheta)]/
Sin[baralpha] -
Exp[Cot [baralpha] (barphi - 2 Pi)] - (Expl
Cot[baralphal] (barphi - 2 Pi - Pi/2)] - 1)/Cot[baralpha] - hbase
Plot [Exp[-barc (barphi - Pi/2 + baralpha -
Tan[baralphal])] checkrbarphibase2tent [barphi,
checkhbase2[barphil]], {barphi,
2 Pi + Pi/2 + Tan[baralpha]/Cos[hatheta] - Tan[hatheta],
2 Pi + Pi/2 + Tanl[baralphall}, AxesLabel -> Automatic]

Section 8.4, Fig. 58b

Plot [Kadmitent rhobase[tau] -
Exp[-barc (2 Pi + baralpha) tau] (Lbase[tau - 1 + hattau] -
Lbase[tau - 1]), {tau, 1, 5}]

Section 8.5: asymptotic behavior for base solution with tent, computation of Kasympt

Kasympt =
2 (Expl[-barc (Tan[baralphal] + Pi/2 - baralpha)]/Sin[baralpha] -
Exp[-barc (2 Pi)] - (Expl[-barc (2 Pi + Pi/2)] -
Exp[-barc (2 Pi + Pi/2 + Tan[baralphal])])/barc -
Cot [baralpha] Exp[-barc (2 Pi + baralpha)])

Vector for the base of the tent Q, — Q;

Sqrt [(Exp[barc hatheta] Cosl[hatheta] -
1)~2 + (Expl[barc hatheta] Sin[hathetal)~2]/(Sin[
baralpha] (1 + barc~2))

0.560686

DeltaQhathetaaympt = (barc (Exp[barc hathetal - Cos[hatheta]) +
Sin[hathetal])/(1 + barc~2)

0.521632
DeltaQellO = DeltaQhathetaaympt/Sin[baralpha]
0.564562

DeltaQbarahathetasympt = (barc (Exp[barc hatheta] Sin[baralpha] -
Sin[baralpha + hatheta]) + (Exp[barc hathetal] Cos[baralpha] -
Cos[baralpha + hatheta]))/(1 + barc~2)

0.532289
DeltaQr2 = DeltaQbarahathetasympt/Sin[baralphal
0.576096

Asymptotic length L
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(Exp[barc hathetal] - 1)/barc

0.543747

Deltal = (Expl[barc hathetal] - 1)/(Sin[baralpha] barc)
0.588497

Asymptotic 0y

ellOasympt = (Exp[-barc (2 Pi + baralpha)] DeltaQellO -
Exp[-barc (2 Pi + baralpha)] Deltal + (1 - Cos[hathetal]))/(Cosl[
baralpha - hatheta] - Cos[baralphal)

0.306042
Asymptotic 7,
r2asympt = (Sin[baralpha + hatheta] + Sin[hatheta] ellOasympt -

DeltaQr2 Exp[-barc (2 Pi + baralpha)])/Sin[baralphal
1.15869

Final value rop(¢)

rbarphasympt = (r2asympt - Exp[barc hathetal) Expl[
Cot[baralpha] (2 Pi + baralpha - hatheta) -
barc (2 Pi + baralpha)] + 1 -
ellOasympt Exp[-barc (2 Pi + baralpha)]

0.976359

Section 9

Section 9.2: plot of the final function Eq. (9.1), Fig. 60b and its minimal value

Plot[((1 - Cos[theta + hathetal)/(1 - Cosl[hathetal]) -

Exp[Cot [baralpha] theta])/theta, {theta, 0, Pi/2},

AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{1}{\\theta} \\bigg( \\frac{1l - \\cos(\\hat \\theta + \
\\theta)}{1 - \\cos(\\hat \\theta)} - e~{\\cot(\\bar \\alpha) \
\\theta} \\bigg)", TeXForm, HoldForm], {Right, Center}]]
Sin[hathetal /(1 - Cos[hathetal) - Cot[baralphal

3.45283

Section 9.3

We first compute the relevant quantities for the tent

hatrOtentsegml[tau_, theta_] :=
rhogeneric[tau - 1, theta, 0] Expl[barc (2 Pi + baralpha) (tau - 1)]
hatellOtentsegml[tau_, theta_] :=
ellOtent [hatrOtentsegml [tau, theta], 0, 0]
hatr2tentsegml [tau_, theta_] :=
hatr2tent [hatrOtentsegml [tau, thetal, hatellOtentsegml[tau, thetal,
0]
hatellltentsegml[tau_, theta_] :=
ellitent [hatr2tentsegml [tau, theta], 0, hatrOtentsegml[tau, thetal,
hatellOtentsegml [tau, thetall
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hatrbarphitentsegml [tau_, theta_] :=
hatrbarphi [hatr2tentsegml [tau, thetal,
SOarc[theta, 0] rhogeneric[tau - 1 + hattau, theta, 0] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, 0] Exp[barc (2 Pi + baralpha) tau],
hatellOtentsegml [tau, thetall

Plot of the function § f((/_b), Fig. 62a and its minimal value Fig. 62b

Plot3D[(hatrbarphitentsegml [tau,
theta] Expl[-barc (2 Pi + baralpha) tau])/theta~2, {theta, O,
Pi}, {tau, 1, 1 + taularc[theta, 0] - hattau - .001},
AxesLabel -> Automatic]

Plot[(hatrbarphitentsegml[tau, Pi] Exp[-barc (2 Pi + baralpha) taul)/
Pi~2, {tau, 1, 1 + taularc[Pi, 0] - hattau}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{\\delta \\hat r_2(\\bar \\tau) e~{- \\bar c(2\\pi + \\bar \

\\alpha) \\tau}}{(\\pi/2)~2}", TeXForm, HoldForm], {Right, Centerl}]]

(hatrbarphitentsegml [1.00001,
Pi] Expl[-barc (2 Pi + baralpha) 1])/(Pi)~2

{0.203057}

Section 9.4

The angle in this case is before the perturbation at the beginning of the tent and inside the negativity cone for
the final angle: the functions for AQ- e, AQ - e/(@+0=7/2) gre

DeltaQtentsegm2[tau_, theta_] :=
Cos[(2 Pi + baralpha) (2 - tau) - theta - hatheta]

DeltaQtentsegmpi22[tau_, theta_] :=
Cos[(2 Pi + baralpha) (2 - tau) -
theta - (baralpha + hatheta - Pi/2)]

hatrOtentsegm2[tau_, theta_] :=
rhogeneric[tau - 1, theta, 0] Exp[barc (2 Pi + baralpha) (tau - 1)]

hatLtentsegm2[tau_, theta_] := 1
Computation of the tent quantities

hatellOtentsegm2[tau_, theta_] :=
ellOtent [hatrOtentsegm2[tau, theta], hatLtentsegm2[tau, thetal,
DeltaQtentsegm2[tau, thetal]l

hatr2tentsegm2[tau_, theta_] :=
hatr2tent [hatrOtentsegm2[tau, thetal, hatellOtentsegm2[tau, thetal,
DeltaQtentsegmpi22[tau, thetall

hatellltentsegm2[tau_, theta_] :=
ellitent [hatr2tentsegm2[tau, theta], hatLtentsegm2[tau, thetal,
hatrOtentsegm2[tau, thetal, hatellOtentsegm2[tau, thetall

hatrbarphitentsegm2[tau_, theta_] :=
hatrbarphi [hatr2tentsegm2[tau, thetal,
rhogeneric[tau - 1 + hattau, theta, 0] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, 0] Exp[barc (2 Pi + baralpha) tau],
hatellOtentsegm2[tau, thetall
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Plot of the function § f(([)) 162, Fig. 63a, 63b and its minimal value

Plot3D[{0,
Exp[-barc (2 Pi +
baralpha) ((1 -
sigma) (2 - (theta + hatheta)/(2 Pi + baralpha)) +
sigma (2 -
Max [theta,
hatheta] /(2 Pi + baralpha)))] hatrbarphitentsegm2[((1 -
sigma) (2 - (theta + hatheta)/(2 Pi + baralpha)) +
sigma (2 - Max[theta, hathetal/(2 Pi + baralpha))), thetal/
theta~2}, {theta, 0.001, Pi}, {sigma, 0.001, 1 - .001},
AxesLabel -> Automatic]

Plot [{O,
Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (2 - (Pi + hatheta)/(2 Pi + baralpha)) +
sigma (2 -
Max[Pi, hathetal/(2 Pi +
baralpha)))] hatrbarphitentsegm2[((1 -

sigma) (2 - (Pi + hatheta)/(2 Pi + baralpha)) +

sigma (2 - Max[Pi, hathetal/(2 Pi + baralpha))), Pil/

Pi~2}, {sigma, O, 1}, AxesLabel -> Automatic,

PlotLegends ->
Placed[ToExpression[

"\\frac{\\delta \\hat r_2(\\bar \\tau) e~{- \\bar c(2\\pi + \\bar \
\\alpha) \\tau}}{(\\pi/2)~2}", TeXForm, HoldForm], {Right, Centerl}]]
Exp[-barc (2 Pi +

baralpha) ((1 - .001) (2 - (Pi + hatheta)/(2 Pi + baralpha)) +

0.001 (2 -
Max [Pi, hathetal/(2 Pi +
baralpha)))] hatrbarphitentsegm2[((1 -
0.001) (2 - (Pi + hatheta)/(2 Pi + baralpha)) +
0.001 (2 - Max[Pi, hathetal/(2 Pi + baralpha))), Pi]/Pi~2

{0.218402}

Section 9.5

The angle in this case is before the perturbation at the beginning of the tent and after the negativity cone for
the final angle: the relevant quantities are

DeltaQtentsegm3[tau_, theta_] :=
rhogeneric[tau - 2 + hattau, theta, 0] Expl
barc (2 Pi + baralpha) (tau - 2 + hattau)] Cos[baralpha]
DeltaQtentsegmpi23[tau_, theta_] :=
rhogeneric[tau - 2 + hattau, theta, 0] Expl
barc (2 Pi + baralpha) (tau - 2 + hattau)] Cos[Pi/2 - 2 baralpha]
hatrOtentsegm3[tau_, theta_] :=
rhogeneric[tau - 1, theta, 0] Expl[barc (2 Pi + baralpha) (tau - 1)]
hatLtentsegm3[tau_, theta_] := (1 - Cos[thetal)/Sin[baralpha]~2 +
SOarc[theta,
0] (ExplCotl[baralpha] (2 Pi + baralpha) (tau - 2 + hatheta)] - 1)/
Cos[baralphal

Computation of the tent quantities
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hatellOtentsegm3[tau_, theta_] :=
ellOtent [hatrOtentsegm3[tau, theta], hatLtentsegm3[tau, thetal],
DeltaQtentsegm3[tau, thetall
hatr2tentsegm3[tau_, theta_] :=
hatr2tent [hatrOtentsegm3[tau, thetal, hatellOtentsegm3[tau, thetal,
DeltaQtentsegmpi23[tau, thetall
hatellltentsegm3[tau_, theta_] :=
ellitent [hatr2tentsegm3[tau, thetal, hatLtentsegm3[tau, thetal,
hatrOtentsegm3[tau, theta], hatellOtentsegm3[tau, thetall
hatrbarphitentsegm3[tau_, theta_] :=
hatrbarphi [hatr2tentsegm3[tau, thetal,
rhogeneric[tau - 1 + hattau, theta, 0] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, 0] Exp[barc (2 Pi + baralpha) tau],
hatellOtentsegm3[tau, thetall

Plot of the final value, Fig. 65a and its minimal value for 8 \, 0 and 0 = é, Fig. 65b

Plot3D[{0,
Exp[-barc (2 Pi + baralpha) ((1 - sigma) (2 - hattau) +
sigma (2 - theta/(2 Pi + baralpha)))] hatrbarphitentsegm3[(1 -
sigma) (2 - hattau) + sigma (2 - theta/(2 Pi + baralpha)),
thetal /theta~2}, {theta, O, hatheta - .001}, {sigma, 0, 13},
AxesLabel -> Automatic]
Plot [{0,
Exp[-barc (2 Pi + baralpha) ((1 - sigma) (2 - hattau) +
sigma (2 - (hatheta - .001)/(2 Pi +
baralpha)))] hatrbarphitentsegm3[(1 - sigma) (2 -
hattau) +
sigma (2 - (hatheta - .001)/(2 Pi +
baralpha)), (hatheta - .001)]/(hatheta - .001)"~2}, {sigma,
0, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\delta \\hat r_2(\\bar \\tau) e~{- \\bar c(2\\pi + \\bar \
\\alpha) \\bar \\tau}}{\\hat \\theta~2}", TeXForm, HoldForm], {Right,
Center}]]
Plot [{0,
Exp[-barc (2 Pi + baralpha) ((1 - sigma) (2 - hattau) +
sigma (2 - (.001)/(2 Pi + baralpha)))] hatrbarphitentsegm3[(1 -
sigma) (2 - hattau) +
sigma (2 - (.001)/(2 Pi + baralpha)), (.001)]1/(.001)~2}, {sigma,
0, 1}, AxesLabel -> Automatic]

Section 9.6

The tent is the negativity cone: computation of the relevant quantities

DeltaQtentsegm4[tau_, theta_] := 0
DeltaQtentsegmpi24[tau_, theta_] := 0

hatrOtentsegmé[tau_, theta_] :=
rhogeneric[tau - 1, theta, 0] Exp[barc (2 Pi + baralpha) (tau - 1)]

hatLtentsegmd4[tau_, theta_] := 0

Computation of the tent quantities
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hatellOtentsegm4[tau_, theta_] :=
ellOtent [hatrOtentsegm4[tau, theta], hatLtentsegmé[tau, thetal],
DeltaQtentsegm4 [tau, thetall

hatr2tentsegmé[tau_, theta_] :=
hatr2tent [hatrOtentsegm4 [tau, thetal, hatellOtentsegm4[tau, thetal,
DeltaQtentsegmpi24[tau, thetall]

hatellltentsegmé4[tau_, theta_] :=
ellitent [hatr2tentsegm4[tau, thetal, hatLtentsegmé[tau, thetal,
hatrOtentsegm4 [tau, theta], hatellOtentsegmd[tau, thetall

hatrbarphitentsegm4[tau_, theta_] :=
hatrbarphi [hatr2tentsegmé4 [tau, thetal,
rhogeneric[tau - 1 + hattau, theta, 0] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, 0] Exp[barc (2 Pi + baralpha) taul,
hatellOtentsegm4[tau, thetal]]

Plot of the final value Fig. 66a, Fig. 66b and minimal value

Plot3D[{0,
Exp[-barc (2 Pi +
baralpha)] hatrbarphitentsegm4[(1 - sigma) (2 -
theta/(2 Pi + baralpha)) + sigma (2 - hattau), thetal/
theta~2}, {theta, hatheta + .001, Pi}, {sigma, 0.001, 1},
AxesLabel -> Automatic]

Plot [{0,
Exp[-barc (2 Pi +
baralpha)] hatrbarphitentsegm4[(1 - sigma) (2 -
Pi/2/(2 Pi + baralpha)) + sigma (2 - hattau),
Pi/21/(Pi/2)~2}, {sigma, 0.001, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\delta \\hat r_2(\\bar \\tau) e~{- \\bar c(2\\pi + \\bar \
\\alpha) \\bar \\tau}}{\\hat \\theta~2}", TeXForm, HoldForm], {Right,
Centerl}]]

Exp[-barc (2 Pi +
baralpha)] hatrbarphitentsegm4[(1 - .001) (2 -
Pi/2/(2 Pi + baralpha)) + .001 (2 - hattau), Pi/2]/(Pi/2)"2

{2.91263%}

Section 9.7

The initial point of the tent is inside the negativity cone and the final point is outside: computation of the
relevant quantities

DeltaQtentsegmb[tau_, theta_] :=
rhogeneric[tau - 2 + hattau, theta, 0] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)] Cos[baralpha] -
Cos[-hatheta - theta - (2 Pi + baralpha) (tau - 2)]

DeltaQtentsegmpi25[tau_, theta_] :=
rhogeneric[tau - 2 + hattau, theta, 0] Expl
barc (2 Pi + baralpha) (tau - 2 + hattau)] Cosl[
Pi/2 - 2 baralpha] -
Cos[-(baralpha + hatheta - Pi/2) -
theta - (2 Pi + baralpha) (tau - 2)]
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hatrOtentsegmb[tau_, theta_] :=
rhogeneric[tau - 1, theta, 0] Expl[barc (2 Pi + baralpha) (tau - 1)]

hatLtentsegmb[tau_,
theta_] := -1 + (1 - Cos[thetal) Expl
Cot [baralpha] (2 Pi + baralpha) (tau - 2 + hattau)]l/
Sin[baralpha] ~2

Computation of the tent quantities

hatellOtentsegmb[tau_, theta_] :=
ellOtent [hatrOtentsegmb[tau, theta], hatLtentsegmb[tau, thetal,
DeltaQtentsegmb[tau, thetall

hatr2tentsegmb[tau_, theta_] :=
hatr2tent [hatrOtentsegmb[tau, thetal, hatellOtentsegm5[tau, thetal,
DeltaQtentsegmpi25[tau, thetal]

hatellltentsegmb[tau_, theta_] :=
ellitent [hatr2tentsegmb[tau, thetal, hatLtentsegmb[tau, thetal,
hatrOtentsegmb[tau, theta], hatellOtentsegmb[tau, thetall

hatrbarphitentsegmb[tau_, theta_] :=
hatrbarphi [hatr2tentsegmb[tau, thetal,
rhogeneric[tau - 1 + hattau, theta, 0] Expl
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, 0] Exp[barc (2 Pi + baralpha) taul,
hatellOtentsegmb[tau, thetal]]

Plot of the final value Fig. 67a, Fig. 67b and its minimal value

Plot3D[{0,
Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (2 -
Min[theta, hathetal/(2 Pi + baralpha)) +
2 sigma)] hatrbarphitentsegmb[(1 - sigma) (2 -
Min[theta, hathetal]/(2 Pi + baralpha)) + 2 sigma, thetal/
theta~2}, {theta, 0, Pi}, {sigma, 0.001, 1},
AxesLabel -> Automatic]

Plot [{0,
Exp[-barc (2 Pi +
baralpha) ((1 - sigma) (2 -
Min[Pi/2, hathetal/(2 Pi + baralpha)) +
2 sigma)] hatrbarphitentsegmb[(1 - sigma) (2 -
Min[Pi/2, hathetal/(2 Pi + baralpha)) + 2 signma,
Pi/2]1/(Pi/2)~2}, {sigma, 0.001, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{\\delta \\hat r_2(\\bar \\tau) e~{- \\bar c(2\\pi + \\bar \
\\alpha) \\bar \\tau}}{\\hat \\theta~2}", TeXForm, HoldForm], {Right,
Center}]]

Exp[-barc (2 Pi +
baralpha) ((1 - .001) (2 -
Min[Pi/2, hathetal/(2 Pi + baralpha)) +
2 (.001))] hatrbarphitentsegmb5[(1 - .001) (2 -
Min[Pi/2, hathetal/(2 Pi + baralpha)) + 2 (.001),
Pi/2]1/(Pi/2)"2

{2.91263%}
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Section 9.8

Here we use only the standard functional of Lemma 7.9, Eq. (9.4) and Fig. 68a and Fig. 68b

Plot3D[{(rhogeneric[tau, theta, 0] -
Kadmitent Exp[-barc (2 Pi + baralpha) 2] rhogeneric[tau - 2,
theta, 0])/theta~2}, {tau, 2, 5}, {theta, 0.001, Pi},
AxesLabel -> Automatic]

Plot [{(rhogeneric[tau, Pi/2, 0] -
Kadmitent Exp[-barc (2 Pi + baralpha) 2] rhogeneric[tau - 2,
Pi/2, 01)/(Pi/2)~2}, {tau, 2, 5}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{\\rho(\\bar \\tau) - \\frac{(1 - \\cos(\\hat \\theta)) \
e~{- \\bar c (2\\pi + \\bar \\alpha) 2}}{\\cos(\\bar \\alpha - \\hat \
\\theta) - \\cos(\\bar \\alpha)} \\rho(\\bar \\tau - 2)}{(\\pi/2)-2}",

TeXForm, HoldForm], {Left, Top}]]

Section 6.2
Section 10.1.2

Maximal final angle, so that we are not in the perturbed region, Eq. (10.1)

Tan[baralpha] + Tan[baralphal] + 0.11753300046278962¢ + Pi/2 - baralpha
5.34128

Final value 67(¢), Eq. (10.2)

arcarc[theta_, Deltaphi_, dtheta_,
dphi_] := (1 - Cos[theta + dtheta] + Sin[theta + dtheta] dphi +
Sin[theta] Deltaphi)/(1 - Cos[dthetal] + Sin[dtheta] dphi) -
Exp[Cot [baralpha] (Deltaphi + theta)] +
Cos[theta + baralpha] (Exp[Cot[baralphal] Deltaphi] - 1)/
Cos[baralphal

Plot of the second derivative of the value function w.r.t. A¢, so that the minima are at the boundary

Plot[1 -
Cos[baralpha + theta] Exp[-Cot[baralpha] thetal/
Cos[baralphal, {theta, 0, Pi/2}]

Region where we have to study the final value: it is the boundary of the negativity region, Fig. 71a

Plot3D[{0,
Cot[baralpha] (1 - Cos[dtheta] + Sin[dthetal] dphi) Exp[
Cot[baralphal (2 Pi + baralpha - dtheta - dphi)]/
Sin[baralpha] - 1}, {dphi, O, Tan[baralphall}, {dtheta,
Max[.11, (2.1 - dphi)/
8, .08 + (hatheta - .1) (1 -
dphi/Tan[baralphal)~6], .14 + (hatheta - .1) (1 -
dphi/Tan[baralphal)~5}, AxesLabel -> Automatic,
PlotLegends -> Automatic]

Plot of the final value for A¢ = tan(a), Fig. 71b
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Plot3D[{0,
Evaluate0@
Table[arcarc[theta, Tan[baralpha], dtheta, dphi]/theta, {theta, O,
Pi/2, .4}]}, {dphi, O, Tan[baralphal}, {dtheta,
Max[.11, (2.1 - dphi)/
8, .08 + (hatheta - .1) (1 -
dphi/Tan[baralphal)~6], .14 + (hatheta - .1) (1 -
dphi/Tan[baralpha])~5}, AxesLabel -> Automatic,
PlotLegends -> Automatic]

Plot3D[{0, arcarc[Pi/2, Tan[baralpha], dtheta, dphil/(Pi/2)}, {dphi,
0, Tan[baralphal}, {dtheta,
Max[.11, (2.1 - dphi)/
8, .08 + (hatheta - .1) (1 -
dphi/Tan[baralphal)~6], .14 + (hatheta - .1) (1 -
dphi/Tan[baralphal)~5}, AxesLabel -> Automatic,
PlotLegends -> Automatic]

Plot[{O0,
arcarc[Pi/2, Tan[baralphal, dtheta, Tan[baralphall/(Pi/2)}, {dtheta,
Max[.11, (2.1 - Tan[baralphal)/
8, .08 + (hatheta - .1) (1 -
Tan[baralphal] /Tan[baralphal)~6], .14 + (hatheta - .1) (1 -
Tan[baralpha] /Tan[baralphal)~5}, AxesLabel -> Automatic,
PlotLegends -> Automatic]

Section 10.2.1

Numerical plot of Fig. 72b

Plot[((1 - Cos[theta + hatheta] + Sin[theta] Tan[baralphal])/(1 -
Cos[hathetal]) - Exp[l + Cos[baralpha] theta] +
Cos[baralpha + theta] (Exp[1] - 1)/Cos[baralphal)/theta, {theta,
0, Pi/2}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"(\\frac{1l - \\cos(\\theta + \\hat \\theta) + \\sin(\\theta) \
\\tan(\\bar \\alpha)}{1 - \\cos(\\hat \\theta)} - e~{1 + \\cot(\\bar \
\\alpha) \\theta} + \\frac{\\cos(\\theta + \\bar \
\\alpha)}{\\cos(\\bar \\alpha)} (e-1))/\\theta", TeXForm,

HoldForm], {Left, Centerl}]]

Section 10.2.2

Case 1: computation of (10.4)

(Cos [baralpha] - Cos[baralpha + hatheta])/(Cos[baralpha - hatheta] -
Cos[baralphal]) - Exp[Cot[baralpha] hathetal

0.0066943
Plot of the final value Fig. 74 and its minimal values

Plot3D[{0,
Evaluate@
Table[(rhogeneric[(1 - sigma) 1 +
sigma (1 + taularc[theta, Deltaphi] - hattau), theta,
Deltaphi] - (1 -
Cos [hathetal]) Exp[-barc (2 Pi +
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baralpha)] rhogeneric[(1 - sigma) 1 +
sigma (1 + taularc[theta, Deltaphi] - hattau) - 1, theta,
Deltaphi] /(Cos[baralpha - hathetal] -
Cos[baralphal))/(theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}]}, {theta, 0, Pi/2}, {sigma, 0, 1},
AxesLabel -> Automatic]
P1ot3D[{0, (rhogeneric[(1 - sigma) 1 +
sigma (1 + taularc[theta, O] - hattau), theta,
o] - (1 -
Cos[hathetal]) Exp[-barc (2 Pi +
baralpha)] rhogeneric[(1 - sigma) 1 +
sigma (1 + taularc[theta, 0] - hattau) - 1, theta,
0]/(Cos[baralpha - hatheta] - Cos[baralphal))/(theta (theta +
0))}, {theta, 0, Pi/2}, {sigma, O, 1}, AxesLabel -> Automatic]
Plot[{0, (rhogeneric[(1 - sigma) 1 +
sigma (1 + taularc[Pi/2, 0] - hattauw), Pi/2,
0] - (1 -
Cos [hathetal) Exp[-barc (2 Pi +
baralpha)] rhogeneric[(1l - sigma) 1 +
sigma (1 + taularc[Pi/2, 0] - hattau) - 1, Pi/2,
0]/ (Cos[baralpha - hathetal] - Cos[baralphal))/(Pi/
2 (Pi/2 + 0))}, {sigma, O, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{e~{-\\bar ¢ \\phi}}{ (\\pi/2)~2}(\\delta \\tilde r(\\bar \
\\phi) - \\delta \\tilde r_O0 \\frac{i - \\cos(\\hat \
\\theta) }{\\cos(\\bar \\alpha - \\hat \\theta) - \\cos(\\bar \
\\alpha)})", TeXForm, HoldForm], {Right, Center}]]

Case 2: computations of the relevant quantities for the tent

DeltaQcase2arcarc[tau_, theta_, Deltaphi_] :=
Cos[(2 Pi + baralpha) (tau - 2) + hatheta + theta + Deltaphil

DeltaQcase2arcarc2[tau_, theta_, Deltaphi_] :=
Cos[(2 Pi + baralpha) (tau - 2) + hatheta + theta + Deltaphi +
baralpha - Pi/2]
hatellOarc21[tau_, theta_, Deltaphi_] :=
ellOtent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)], 1,
DeltaQcase2arcarc([tau, theta, Deltaphil]

hatr2arc21[tau_, theta_, Deltaphi_] :=
hatr2tent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc21[tau, theta, Deltaphi],
DeltaQcase2arcarc2[tau, theta, Deltaphil]

Final value

hatrbarphiarc21[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc21[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
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rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) tau],
hatellOarc21[tau, theta, Deltaphil]

Numerical plot of Fig. 75 and its minimal value

Plot3D[{Evaluate®
Table [hatrbarphiarc21[(1 -
sigma) (2 + (-Deltaphi - theta - hatheta)/(2 Pi +
baralpha)) +
sigma (2 + (-Deltaphi - Max[theta, hathetal])/(2 Pi +
baralpha)), theta,
Deltaphi] /(theta (theta + Deltaphi)), {Deltaphi, 0.1,
Tan[baralphal, .5}]}, {theta, 0.1, Pi/2}, {sigma, 0.1, 1},
AxesLabel -> Automatic]
Plot3D[{hatrbarphiarc21[(1 -
sigma) (2 + (-0.0 - theta - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-0.0 - Max[theta, hathetal])/(2 Pi + baralpha)),
theta, 0.0]/(theta (theta + 0.0))}, {theta, 0.1, Pi/2}, {sigma,
0.1, 1}, AxesLabel -> Automatic]
Plot [{hatrbarphiarc21[(1 -
sigma) (2 + (-0.0 - Pi/2 - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-0.0 - Max[Pi/2, hatheta])/(2 Pi + baralpha)), Pi/2,
0.0]1/(Pi/2 (Pi/2 + 0.0))}, {sigma, 0.0, 1},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \
\\phi) }{(\\pi/2)~2}", TeXForm, HoldForm], {Right, Center}]]

hatrbarphiarc21[(1 -
0.0001) (2 + (-0 - Pi/2 - hatheta)/(2 Pi + baralpha)) +
0.0001 (2 + (-0 - Pi/2)/(2 Pi + baralpha)), Pi/2,
0]/(Pi/2 (Pi/2 + 0))

{0.546565}

Case 3: computation of the relevant quantities for the tent

hatellOarc2case3[tau_, theta_, Deltaphi_] :=
ellOtent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
1 - Cos[theta] +
Sin[theta] ((2 Pi + baralpha) (tau - 2) + hatheta + Deltaphi),
Sin[theta] Cos[-Pi/2]]
hatr2arc2case3[tau_, theta_, Deltaphi_] :=
hatr2tent[
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case3[tau, theta, Deltaphi], Sin[theta] Cos[baralpha]l]

hatrbarphiarc2case3[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case3[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) tau],
hatellOarc2case3[tau, theta, Deltaphi]]



154 STEFANO BIANCHINI AND MARTINA ZIZZA

Plot of the final value Fig. 76, first an enlargement about the singularity 0 = A¢ =0

Plot3D[{Evaluate@
Table[hatrbarphiarc2case3[tau, theta,
Deltaphi]/(theta (theta +
Deltaphi)), {theta, .0001, .1, .02}]}, {Deltaphi,
0, .1}, {tau, 2 + (-Deltaphi - hatheta)/(2 Pi + baralpha),
2 - hatheta/(2 Pi + baralpha)}, AxesLabel -> Automatic]

Plot3D[{{Evaluate@
Table[hatrbarphiarc2case3[(1 -
sigma) (2 + (-Deltaphi - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-Max[Deltaphi + theta, hathetal)/(2 Pi +
baralpha)), theta,
Deltaphil/(theta (theta + Deltaphi)), {Deltaphi, 0.01,
Tan[baralphal, .5}]1}}, {theta, O, hatheta - .01}, {sigma, 0, 1},
AxesLabel -> Automatic]
Plot3D[{hatrbarphiarc2case3[(1 -
sigma) (2 + (-0.001 - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-Max[0.001 + theta, hathetal])/(2 Pi + baralpha)),
theta, 0.001]/(theta (theta + 0.001))}, {theta, O,
hatheta - .01}, {sigma, O, 1}, AxesLabel -> Automatic]

Plot3D[{hatrbarphiarc2case3[(1 -
sigma) (2 + (-0.001 - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-Max[0.001 + theta, hathetal)/(2 Pi + baralpha)),
theta, 0.001]/(theta (theta + 0.001))}, {theta, hatheta - .1,
hatheta - .01}, {sigma, 0, 1}, AxesLabel -> Automatic]

Plot[{hatrbarphiarc2case3[(1 -
sigma) (2 + (-0.001 - hatheta)/(2 Pi + baralpha)) +
sigma (2 + (-Max[0.001 + (hatheta - .0001), hathetal])/(2 Pi +
baralpha)), hatheta - .0001,
0.001]/((hatheta - .0001) ((hatheta - .0001) + 0.001))}, {sigma,
0, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \\phi)}{(\\hat \
\\theta)~2}", TeXForm, HoldForm], {Right, Center}]]
hatrbarphiarc2case3[(1 -

0) (2 + (-0.001 - hatheta)/(2 Pi + baralpha)) +
0 (2 + (-Max[0.001 + (hatheta - .0001), hathetal)/(2 Pi +
baralpha)), hatheta - .0001,
0.001]/((hatheta - .0001) ((hatheta - .0001) + 0.001))

{0.749654}

Case 4: computation of the relevant quantities for the tent

hatellOarc2case4[tau_, theta_, Deltaphi_] :=
ellOtent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)], (1 - Cos[theta] +
Sin[theta] Deltaphi) Expl[
Cot [baralpha] (2 Pi + baralpha) (tau - 2 + hattau)]l/
Sin[baralphal ~2,
rhogeneric[tau - 2 + hattau, theta, Deltaphi] Cos[baralphal] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)]]
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hatr2arc2case4[tau_, theta_, Deltaphi_] :=
hatr2tent[
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case4[tau, theta, Deltaphi],
rhogeneric[tau - 2 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)] Sin[2 baralpha]]

hatrbarphiarc2case4[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case4[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) tau],
hatellOarc2case4[tau, theta, Deltaphi]]

Plot of the final value Fig. 77 and computation of the minimal values

Plot3D[{Evaluate®
Table [hatrbarphiarc2case4[(1 - sigma) (2 - hattau) +
sigma (2 + (-Deltaphi - theta)/(2 Pi + baralpha)), theta,
Deltaphil]/(theta (theta + Deltaphi)), {sigma,
0, .9, .3}1}, {theta, 0, hatheta - .001}, {Deltaphi, O,
hatheta - theta - .001}, AxesLabel -> Automatic,
PlotLegends -> Automatic]

Plot3D[hatrbarphiarc2case4[(1 - sigma) (2 - hattau) +
sigma (2 + (-0 - theta)/(2 Pi + baralpha)), theta,
0]/(theta (theta + 0)), {sigma, O, 1}, {theta, 0.01, hathetal,
AxesLabel -> Automatic, PlotLegends -> Automatic]

Plot[{hatrbarphiarc2case4[(1 - sigma) (2 - hattau) +

sigma (2 + (-hatheta + .001 - .000)/(2 Pi + baralpha)),

hatheta - .001,

0]/((hatheta - .001) (hatheta - .001 + 0))}, {sigma, 0, 1},
AxesLabel -> Automatic,
PlotLegends ->

Placed[ToExpression[

"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \\phi)}{(\\hat \

\\theta)~2}", TeXForm, HoldForm], {Right, Center}]]

hatrbarphiarc2case4[(1 - 0.001) (2 - hattau) +
0.001 (2 + (-hatheta + .001 - .000)/(2 Pi + baralpha)),
hatheta - .001, 0]/((hatheta - .001) (hatheta - .001 + 0))

{0.748399}

Case 5. computation of the relevant quantities for the tent

hatellOarc2caseb5[tau_, theta_, Deltaphi_] :=
ellOtent[

rhogeneric[tau - 1, theta, Deltaphi] Expl[

barc (2 Pi + baralpha) (tau - 1)], 0, 0]

hatr2arc2caseb[tau_, theta_, Deltaphi_] :=
hatr2tent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case5[tau, theta, Deltaphi], 0]

155
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hatrbarphiarc2caseb[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2caseb[tau, theta, Deltaphil,
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) tau],
hatellOarc2case5[tau, theta, Deltaphi]]

Plot of the final value Fig. 78 and computation of the minimal values

Plot3D[{Evaluate@
Table[hatrbarphiarc2case5[(1 -
sigma) (2 + (-Deltaphi - theta)/(2 Pi + baralpha)) +
sigma (2 + (-Deltaphi - hatheta)/(2 Pi + baralpha)), theta,
Deltaphil/(theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}]}, {theta, hatheta + .01, Pi/2}, {sigma, O,
1}, AxesLabel -> Automatic]

Plot [hatrbarphiarc2case5[(1 -
sigma) (2 + (-0 - Pi/2)/(2 Pi + baralpha)) +
sigma (2 + (-0 - hatheta)/(2 Pi + baralpha)), Pi/2,
0]/(Pi/2 (Pi/2 + 0)), {sigma, O, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{e~{-\\bar ¢ \\phi} \\delta \\check r(\\bar \
\\phi) }H{\\pi~2}", TeXForm, HoldForm], {Right, Centerl}]]

hatrbarphiarc2case5[(1 - 0.001) (2 + (-0 - Pi/2)/(2 Pi + baralpha)) +
0.001 (2 + (-0 - hatheta)/(2 Pi + baralpha)), Pi/2,
01/(Pi/2 (Pi/2 + 0))

{0.559708}

Case 6: computation of the relevant quantities for the tent

hatellOarc2case6[tau_, theta_, Deltaphi_] :=
ellOtent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)], -Cos[theta] +
Sin[theta] ((tau - 2) (2 Pi + baralpha) + hatheta +
Deltaphi), -Cos[(2 Pi + baralpha) tau - 4 Pi - baralpha +
hatheta - (baralpha - Deltaphi - theta)]]

hatr2arc2case6[tau_, theta_, Deltaphi_] :=
hatr2tent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case6[tau, theta, Deltaphi],
Sin[theta] Cos[baralphal] -
Cos[(tau - 2) (2 Pi + baralpha) + hatheta + baralpha - Pi/2 +
Deltaphi + thetal]

hatrbarphiarc2case6[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case6[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric([tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) tau],
hatellOarc2case6[tau, theta, Deltaphi]]
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Plot of the final value Fig. 79 and computation of the minimal values

Plot3D[{Evaluate@
Table[hatrbarphiarc2case6[(1 -
sigma) (2 + (-Deltaphi - Min[theta, hathetal])/(2 Pi +
baralpha)) +
sigma (2 + ( - Max[Deltaphi, hathetal)/(2 Pi + baralpha)),
theta, Deltaphi]/theta, {sigma, 0.01, .99, .245}]}, {theta,
0.0001, Pi/2}, {Deltaphi, Max[hatheta - theta, 0], Tan[baralphall},
AxesLabel -> Automatic]

Plot3D[{hatrbarphiarc2case6[(1 - .001) (2 + (-Deltaphi -
Min[theta, hathetal)/(2 Pi + baralpha)) + .001 (2 + ( -
Max [Deltaphi, hathetal)/(2 Pi + baralpha)), theta,
Deltaphi] /theta}, {theta, 0.0001, Pi/2}, {Deltaphi,
Max [hatheta - theta, 0], Tan[baralphal}, AxesLabel -> Automatic]

Plot3D[hatrbarphiarc2case6[(1 -
sigma) (2 + (-Deltaphi - hatheta)/(2 Pi + baralpha)) +
sigma (2 + ( - Max[Deltaphi, hatheta])/(2 Pi + baralpha)),
hatheta, Deltaphil] /hatheta, {Deltaphi, 0, .1}, {sigma, 0, 1},
AxesLabel -> Automatic]

Plot [{hatrbarphiarc2case6[(1 - .001) (2 + (-0.001 -
Min[theta, hatheta])/(2 Pi + baralpha)) + .001 (2 + ( -
Max[0.001, hathetal)/(2 Pi + baralpha)), theta, 0.001]/
theta}, {theta, hatheta - .001, Pi/2}, AxeslLabel -> Automatic]

Plot [hatrbarphiarc2case6[(1 -
sigma) (2 + (-0.001 - hatheta)/(2 Pi + baralpha)) +
sigma (2 + ( - Max[0.001, hathetal)/(2 Pi + baralpha)), hatheta,
0.001] /hatheta, {sigma, O, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \\phi)}{\\hat \

\\theta}", TeXForm, HoldForm], {Right, Centerl}]]

Case 7: computation of the relevant quantities for the tent

hatellOarc2case7[tau_, theta_, Deltaphi_] :=
ellOtent[
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)], -1 + (1 - Cos[theta] +
Sin[theta] Deltaphi) Expl[
Cot[baralphal (2 Pi + baralpha) (tau - 2 + hattau)l/
Sin[baralpha] 2,
rhogeneric[tau - 2 + hattau, theta, Deltaphi] Cos[baralphal] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)] -
Cos[(2 Pi + baralpha) tau - 4 Pi - baralpha +
hatheta - (baralpha - Deltaphi - theta)]]

hatr2arc2case7[tau_, theta_, Deltaphi_] :=
hatr2tent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case7[tau, theta, Deltaphi],
rhogeneric[tau - 2 + hattau, theta, Deltaphi] Sin[2 baralphal] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)] -
Cos[(tau - 2) (2 Pi + baralpha) + hatheta + baralpha - Pi/2 +
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Deltaphi + thetal]

hatrbarphiarc2case7[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case7[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) taul,
hatellOarc2case7 [tau, theta, Deltaphi]]

Plot of the final value Fig. 80 and computation of the minimal values

Plot3D[{Evaluate@
Table[hatrbarphiarc2case7 [(1 -
sigma) (2 + (-Min[Deltaphi + theta, hathetal])/(2 Pi +
baralpha)) + sigma (2 + (-Deltaphi)/(2 Pi + baralpha)),
theta, Deltaphil/(theta (theta + Deltaphi)), {sigma, 0.01,
0.99, .245}1}, {theta, 0.01, Pi/2}, {Deltaphi, 0.01,
hatheta - .01}, AxesLabel -> Automatic, PlotLegends -> Automatic]

Plot3D[hatrbarphiarc2case7[(1 -
sigma) (2 + (-Min[0 + theta, hathetal)/(2 Pi + baralpha)) +
sigma (2 + (-0)/(2 Pi + baralpha)), theta,
0]/(theta (theta + 0)), {sigma, O, 1}, {theta, 0.01, Pi/2},
AxesLabel -> Automatic, PlotLegends -> Automatic]

Plot [hatrbarphiarc2case7[(1 -
sigma) (2 + (-Min[0 + Pi/2, hathetal])/(2 Pi + baralpha)) +
sigma (2 + (-0)/(2 Pi + baralpha)), Pi/2,
0]/(Pi/2 (Pi/2 + 0)), {sigma, O, 1}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \
\\phi) }{\\pi~2}", TeXForm, HoldForm], {Right, Center}]]

Case 8: computation of the relevant quantities for the tent

hatellOarc2case8[tau_, theta_, Deltaphi_] :=
ellOtent[
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
Sin[theta] hatheta, -Sin[theta] Cos[Pi/2 + hatheta]]

hatr2arc2case8[tau_, theta_, Deltaphi_] :=
hatr2tent [
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case8[tau, theta, Deltaphi],
Sin[theta] Cos[baralphal] - Sin[theta] Cos[baralpha + hatheta]]

hatrbarphiarc2case8[tau_, theta_, Deltaphi_] :=
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case8[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],
rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) taul,
hatellOarc2case8[tau, theta, Deltaphi]]

Plot of the final value Fig. 81 and computation of the minimal values
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Plot3D[{Evaluate®@
Table[hatrbarphiarc2case8[(1 -

sigma) (2 + (-Deltaphi)/(2 Pi + baralpha)) +
sigma (2 + (-hatheta)/(2 Pi + baralpha)), theta, Deltaphil/
theta, {sigma, 0.01, 0.99, .245}]}, {theta, 0.001,

Pi/2}, {Deltaphi, hatheta + .001, Tan[baralphal}l,
AxesLabel -> Automatic]

Plot3D[hatrbarphiarc2case8[(1 -

sigma) (2 + (-hatheta - theta)/(2 Pi + baralpha)) +
sigma (2 + (-hatheta)/(2 Pi + baralpha)), theta, hatheta + thetal/
theta, {sigma, O, 1}, {theta, 0, Pi/2}, AxesLabel -> Automatic]
Plot [hatrbarphiarc2case8[(1 - .0001) (2 + (-hatheta - theta)/(2 Pi +

baralpha)) + .0001 (2 + (-hatheta)/(2 Pi + baralpha)),
theta, hatheta + theta]/theta, {theta, 0, Pi/2},
AxesLabel -> Automatic,

PlotLegends ->
Placed[ToExpression[

"\\frac{e~{-\\bar ¢ \\phi} \\delta \\check r(\\bar \
\\phi) }{\\thetal}", TeXForm, HoldForm], {Right, Center}]]

Case 9: computation of the relevant quantities for the tent

hatellOarc2case9[tau_, theta_, Deltaphi_]
ellOtent[
rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)], (1 - Cos[theta] +
Sin[thetal] Deltaphi) (Expl

Cot[baralpha] (2 Pi + baralpha) (tau - 2 + hattauw)] - 1)/
Sin[baralpha]~2 +

Sin[theta] (4 Pi + 2 baralpha - (2 Pi + baralpha) tau),

rhogeneric[tau - 2 + hattau, theta, Deltaphi] Cos[baralphal] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattauw)] -
Sin[theta] Cos[Pi/2 + hatheta]]

hatr2arc2case9[tau_, theta_, Deltaphi_]
hatr2tent[

rhogeneric[tau - 1, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1)],
hatellOarc2case9[tau, theta, Deltaphi],
rhogeneric[tau - 2 + hattau, theta, Deltaphi] Sin[2 baralpha] Expl[
barc (2 Pi + baralpha) (tau - 2 + hattau)] -
Sin[theta] Cos[baralpha + hatheta]]
hatrbarphiarc2case9[tau_, theta_, Deltaphi_]
Exp[-barc (2 Pi + baralpha) tau] hatrbarphil
hatr2arc2case9[tau, theta, Deltaphi],
rhogeneric[tau - 1 + hattau, theta, Deltaphi] Expl[
barc (2 Pi + baralpha) (tau - 1 + hattau)],

rhogeneric[tau, theta, Deltaphi] Exp[barc (2 Pi + baralpha) taul,
hatellOarc2case9[tau, theta, Deltaphi]]

Plot of the final value Fig. 82 and computation of the minimal values
Plot3D[{Evaluate®
Table [hatrbarphiarc2case9[(1 -

sigma) (2 + (-Min[Deltaphi, hathetal])/(2 Pi + baralpha)) +
sigma (2), theta, Deltaphi]/(theta (theta + Deltaphi)), {sigma,
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0.01, 0.99, .245}]}, {theta, 0.01, Pi/2}, {Deltaphi, .01,
Tan[baralphal}, AxesLabel -> Automatic]

Plot3D[hatrbarphiarc2case9[(1 -
sigma) (2 + (-Min[.001, hatheta])/(2 Pi + baralpha)) +
sigma (2), theta, .001]/(theta (theta + .001)), {sigma, O,
1}, {theta, 0.01, Pi/2}, AxesLabel -> Automatic]

Plot [hatrbarphiarc2case9[(1 -
sigma) (2 + (-Min[.001, hathetal)/(2 Pi + baralpha)) +
sigma (2), Pi/2, .0011/(Pi/2 (Pi/2 + .001)), {sigma, O, 1},
AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[
"\\frac{e~{-\\bar c \\phi} \\delta \\check r(\\bar \
\\phi) }H{\\pi~2}", TeXForm, HoldForm], {Right, Centerl}]]

Case 10: both points in the second negativity region, so that we use the simplified functional of Lemma 7.9,
Fig.83

Plot3D[Evaluate®@
Table[(rhogeneric[tau, theta,

Deltaphi] - (1 -
Cos[hathetal]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 1, theta,
Deltaphi] /(Cos[baralpha - hathetal] -

Cos[baralphal))/(theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}], {theta, 0.001, Pi/2}, {tau, 2, 5}]

Plot3D[(rhogeneric[tau, Pi/2,
Deltaphi] - (1 -
Cos[hathetal) Exp[-barc (2 Pi + baralpha)] rhogeneric[tau - 1,
Pi/2, Deltaphil/(Cos[baralpha - hatheta] - Cos[baralphal))/(Pi/
2 (Pi/2 + Deltaphi)), {Deltaphi, O, Tan[baralphall}, {tau, 2, 5}]
Plot [(rhogeneric[tau, Pi/2,
0] - (1 - Cos[hathetal) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 1, Pi/2,
0]/(Cos[baralpha - hathetal] - Cosl[baralphal))/(Pi/
2 (Pi/2 + 0)), {tau, 2, 5}, AxesLabel -> Automatic,
PlotLegends ->
Placed[ToExpression[

"\\frac{1}{(\\pi/2)~2} \\bigg( \\rho(\\bar \\tau) - \\frac{(1 - \
\\cos(\\hat \\theta)) e~{-\\bar c(2\\pi + \\bar \
\\alpha)}}{\\cos(\\bar \\alpha - \\hat \\theta) - \\cos(\\bar \
\\alpha)} \\rho(\\bar \\tau - 1) \\bigg)", TeXForm, HoldForm], {Left,

Top}]]

Derivative, Fig. 84

Plot3D[Evaluate@
Table[(rhogeneric[tau, theta,

Deltaphi] - (1 -
Cos[hathetal]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 1, theta,
Deltaphi] /(Cos[baralpha - hatheta] - Cos[baralphal) -

rhogeneric[tau - 1, theta,

Deltaphi] - (1 -
Cos[hathetal]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
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tau - 2, theta,
Deltaphi] /(Cos[baralpha - hatheta] -
Cos[baralphal))/(theta (theta + Deltaphi)), {Deltaphi, O,
Tan[baralphal, .5}], {theta, 0.001, Pi/2}, {tau, 4, 5}]
Plot3D[(rhogeneric[tau, theta,
0] - (1 - Cos[hathetal]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 1, theta, 0]/(Cos[baralpha - hatheta] - Cos[baralphal]) -
rhogeneric[tau - 1, theta,
0] - (1 - Cos[hathetal]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 2, theta,
0]/(Cos[baralpha - hatheta] - Cosl[baralphal]))/(theta (theta +
0)), {theta, 0.001, Pi/2}, {tau, 4, 5}]
Plot[(rhogeneric[tau, Pi/2,
0] - (1 - Cos[hatheta]) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 1, Pi/2, 0]/(Cos[baralpha - hatheta] - Cos[baralphal) -
rhogeneric([tau - 1, Pi/2,
0] - (1 - Cos[hathetal) Exp[-barc (2 Pi + baralpha)] rhogeneric[
tau - 2, Pi/2,
0]/(Cos[baralpha - hatheta] - Cosl[baralphal))/(Pi/

2 (Pi/2 + 0)), {tau, 4, 5}, AxesLabel -> Automatic,
PlotLegends ->

Placed[ToExpression[

"\\frac{1}{ (\\pi/2)~2} \\bigg( \\frac{d\\rho(\\bar \\tau)}{d\\bar \
\\tau} - \\frac{(1 - \\cos(\\hat \\theta)) e~{-\\bar c(2\\pi + \\bar \
\\alpha)}}{\\cos(\\bar \\alpha - \\hat \\theta) - \\cos(\\bar \
\\alpha)} \\frac{d\\rho(\\bar \\tau - 1)}{d\\bar \\tau} \\bigg)",

TeXForm, HoldForm], {Right, Top}]]
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GLOSSARY

(P, Q): open segment with endpoints P, Q. 21

A: B: scalar product of matrices. 21

B;(0): unit ball centered in the origin. 22

Dt Cantor part of the derivative of a BV function. 23

DS"8; singular part of the derivative of a BV function. 23

G(¢p): Green kernel for the equation (3.10). 10, 12, 42, 75

H(¢): Heaviside function. 43, 61, 75

Kasympt: constant for the linear part of the asymptotic behavior of the fastest saturated spiral. 102, 142
Kient: constant for verifying whether the tent is admissible. 95

L(y): length of the curve y. 21

M(¢p, ¢1,¢2): kernel for the diffuse source (3.21). 42

Nyt negative region for the perturbation of the arc case. 15, 17, 76

Nreg: residual negative region for the arc case. 76

Nsegm: negative region for the perturbation of the segment case. 14, 66, 103

R(s) = R({(s)) = R((; s): curvature of the line ¢ in the point {(s). 9, 23

RZ(1): burned region at time ¢ by the fire constrained by the barrier Z. 20

RZ: burned set for a given strategy Z. 21

Ry: initial burning region. 21

Sr: source term for the length L of a spiral. 61

Se+1: star shaped region for the round decomposition. 25

U;: residue about the eigenvalues s; with largest real part. 40

Vo(7): inverse Laplace transform with poles in s§. 40

Z: admissible strategy (i.e. a rectifiable subset of the plane R? with finite length). 20
[P Q): segment with endpoints B, Q open in Q. 21

[P Q]: close segment with endpoints P, Q. 21

C: complex numbers. 20

A¢: angle of the level set for the last round of the optimal solution #(¢; sp). 90

Ag¢,: opening angle of the initial starting in (1,0). 54

A¢: opening angle for the arc on the level set. 71, 88

0': derivative of the Dirac delta 0. 75

0¢: Dirac’s delta measure in 0. 39

05: Dirac’s delta measure centered in s. 23

I': set of admissible curves for the fire spreading. 8, 21

S(2): imaginary part of the complex number z. 20

R: real numbers. 20

R(z): real part of the complex number z. 20

a: angle between the optimal ray and the tangent of a saturated spiral. 33

Z(v,w): angle between the vectors v,w. 21

a: critical angle, corresponding to the critical speed ¢ = m 21,35

¢y: rotation angles for the partition of a spiral in rounds, Proposition 2.11. 24

¢: last rotation angle, Theorem 2.13. 29, 44, 90

0: critical speed, Corollary 3.10. 21, 34, 35

7: the value of T corresponding to ¢, T = %;gm. 108
0: angle of the initial segment [P}, P,] for the family Z(-; So). 62, 88,90
¢: real eigenvalue in the critical case. 35

§1: first point where an optimal ray leaves the spiral, Theorem 2.13. 29
§y: first point where an optimal ray arrives after leaving the spiral, Theorem 2.13. 29
Sk: partition of the spirals into rounds, Proposition 2.11. 24

§: last point where an optimal ray leaves the spiral, Theorem 2.13. 29
I: set of optimal rays. 21

Yx: optimal ray for the point x. 21

B(¢): angle between the optimal ray and the tangent to the spiral at its end point. 9, 29
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B* (¢): maximal angle between the optimal ray and the subdifferential of the spiral at its end point. 29

B~ (¢): minimal angle between the optimal ray and the subdifferential of the spiral at its end point. 29

P~: final point of the segment of length £ and direction ¢. 90

Py: initial point of the segment of length ¢ in the direction ¢. 90

Py: initial point of the last segment of the fastest saturated spiral. 90

P,: final point of the last segment [Py, Py] in the fastest saturated spiral. 90

¢o: angle of the point Py. 90

F(¢; so): optimal spiral at the angle ¢. 90

67(¢; sp): derivative of the candidate optimal slosing spiral w.r.t. the starting position sp. 93

¢z variation of angle between round, Proposition 2.11. 25

OF(¢p; so): derivative of the family 7(s; sg) w.r.t. s9. 62

Oyt reparametrization of Ax. 36

?o: length of the segment [Py, P~] of direction ¢. 90

£;: length of the last segment [Py, Py] of the fastest saturated spiral. 90

y: Lipschitz curves in R?. 21

L: length of the spiral between Qg, Q, in the tent or arc computations. 93

Py: initial point of the tent or arc perturbation. 93

Py: tip of the tent or arc. 93

P,: saturated final point of the tent or arc. 93

Qo: base point for 7 in the tent or arc perturbation. 93

Q;: point of the curve { where the optimal ray ending in the tip P, of the ten or arc is detaching. 93

Q»: base point for 7, in the tent or arc perturbation. 93

R: curvature of the convex curve ¢ for the computations of the tent or arc formulas. 94

o length of the first segment in the tent or arc computations. 93

,: length of the second segment in the tent or arc computations. 93

¢3: maximal angle for using the length bound as admissibility criterion for the tent. 97

¢: angular coordinate correponding to Q; = {(¢) for the tent or arc case. 95

f: angle shift 6 in the 7 coordinates. 95

6: angle corresponding to the boundary of the negativity region of the perturbation in the segment case, Equa-
tion (6.7). 14, 66, 90, 105

{: convex curve for computing the formulas for the tent or arc case. 94

g(s): Laplace transform of the kernel g. 40

fo: entry ray for the formulas for tent or arc perturbation. 93

fo: exit ray for the tent or arc computations. 93

1: imaginary unit. 20, 24, 32

x: curvature of a curve in the plane, x = % being R the radius of curvature. 30

Ak: complex eigenvalues of the RDE. 36

A: eigenvalues of the RDE. 34

S!: unit cicrle in R?. 20

n(x): vector n(x) rotated by % 50

ng(x): vector ng(x) rotated by % 50

r(x): tangent to the curve %. 50, 51

t(x): gradient of the time function u. 50

t(s),t(s): left, rigth tangent to {(s). 9, 23

tg(x): gradient of the function u;. 50

v-w: scalar product in R?. 21, 63

ve®V': tensor product of two vectors. 21

vAw: vector product in R?. 21

v,w: generic vectors in R2. 21

vt: vector rotated by 3 counterclockwise. 21

&/ (x): admissibility functional of the point x. 8, 21

4 (¢): primitive of the kernel G. 43, 44, 70

.%((ﬁ): curve of minimal reachable points. 49

1 set of saturated points. 8, 21
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s(Z,¢po): set of admissible continutation of a spiral Z from the angle ¢¢. 44

&s: set of admissible spirals, Definition 2.10. 21, 24

&(7): primitive of g. 44, 60, 87

g(7): primitive of the function g(r)ef@*®T+1) 43 60

R: curve where u— % = u({(¢po)). 50

a: initial radius for the case study of Section 5. 54

v(£p): curve representinvg the variation of the angles for the fastest saturated spiral w.r.t. the length ¢, of the
segment [}50.13’]. 91

wi: complex eigenvalues of the RDE (3.10). 37

w: rotation angle for the unsaturated part of the fastest saturated spiral 7. 88

0~ ((s): subdifferential of the curve (. 9, 23

o = (s7)71(sp): starting angle for the admissible family of spiral { (s, ; so). 61

¢o: initial angle for the construction of the fastest/optimal closing spirals. 44, 90

p(1): rescaled variable r, Equation (3.12). 9, 34

o: speed of construction of the barrier. 21

71: time of the first discontinuity for the perturbation in the segment and arc case. 66, 76

To: time of the second discontinuity in the perturbation in the arc case. 76

73(0,A¢): initial time of the third negativity region in the arc case. 76

09 = B* (so): minimal initial angle for the segment in the segment case, Section 6.1. 62

0: variation of the direction of the spiral at sy. 62, 71, 90

Z(s0): fastest saturated spiral starting from sq. 61

Z,: fastest saturated spiral, with the initial burning region B, (0). 55

f (s;80): family of admissible spirals, parametrized by sg. 61

7(¢; sp): family of admissible spirals in the rotation angle coordinate ¢, parametrized by sy. 62, 90

¢(s): rotation angle of the tangent vector &(s) = t(s) = e!?¥), 24

&: parametrization of the level set u~!({ (¢)). 49

(: parametrization of the barrier Z. 22

a(a): constant for the rescaled spiral equation (3.14). 34

b(t): istantaneous burning rate. 9, 29

c: exponent for the change of variable (3.11). 34

d(x,y): distance between points by admissible curves. 21

g(1): kernel for the linear Delay Differential Equation (3.14). 10, 39

g3YMPY(7): asymptotic expansion as T — oo of the kernel g. 41

h1(A¢): boundary of the first negativity region in the arc case. 76, 77, 90

h2(A¢): boundary of the first negativity region in the arc case. 76

hs(A¢): boundary of the first negativity region in the arc case. 76

m(t,71,72): kernel for the diffuse source of Lemma 3.19. 40

mAYMPY(r 7, 7,): asymptotic expansion as T — oo of the kernel m(z,71,72). 41

r(¢): length of the last segment of an optimal ray, Theorem 2.13. 9, 29

rp(): length of the last segment of an optimal ray at the ¢-th round, round decomposition of Proposition 2.11.
25

ropt(¢): the optimal solution for blocingk the fire at a given angle. 16, 98

Tsat(¢p): saturated spiral barrier. 33, 38

s*(¢): final point of the last segment of an optimal ray, Theorem 2.13. 9, 29

s, (¢): final point of the last segment of an optimal ray at the ¢-th round, round decomposition of Proposition
2.11. 25

s”(¢): initial point of the last segment of an optimal ray, Theorem 2.13. 9, 29

s”(x): initial point of the last segment in an optimal ray. 49

s, (¢): initial point of the last segment of an optimal ray at the ¢-th round, round decomposition of Proposition
2.11. 25

ug: time function for the level set u (¢ (o). 50

u: minimum time function. 8, 21

Xs): point on the curve R tangent to the saturated spiral. 50

Ykt solutions to the eigenvalue equation (3.17). 36
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